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ABSTRACT 
The electropolymerisation of a wide-range of derivatised (E)-styrylthiophenes, pyrroles 
and furans has been investigated. Stable coherent films of low conductivity (cr: 1Q-6 S 
cm-1), which were characterised by a number of electrochemical, spectroscopic and 
microscopic techniques, were formed. The polymers were redox inactive as shown by 
cyclic voltammetry. This was possibly due to oxidation of the alkene spacer linkage 
resulting in formation of a crosslinked polymeric matrix in which the conjugation of the 
backbone had been disrupted. 
To protect the double bond from electro-oxidation, without causing a disruption in 
planarity, an electron withdrawing nitrile group was introduced at the alkene spacer 
linkage. Electropolymerisation of (Z)-a,B-diarylacrylonitriles containing one 
heterocyclic species produced thick adherent films, but in the majority of cases, the 
nitrile substituent was unable to suppress oxidation of the double bond and crosslinked 
redox inactive films of low conductivity (cr: 10-6 S cm-1) were produced. In contrast, 
electropolymerisation of (Z)-a,�-diarylacrylonitriles containing two heterocycles 
produced highly doped redox active polymers of enhanced conductivity ( cr: 104 S 
cm-1). Dendritic structures, thought to be the result of unidirectional polymer growth 
via a,a'-linkages, were observed in some cases. 
Density functional theory (DFT) was used to predict the outcome of 
electropolymerisation reactions by calculating the n-spin density distribution of 
monomeric radical cations in order to determine coupling positions in resultant 
polymers. High positive 1t-spin densities were found at the alkene spacer linkage of 
(E)-styrylheterocycles, suggesting crosslinking reactions via the double bond during 
electropolymerisation, in agreement with experimental observations. In contrast, DFT 
calculations of some (Z)-a,B-2-diarylacrylonitriles containing two heterocycles showed 
high n-spin density located at the heterocyclic a-positions, a prerequisite for the 
formation of a,a'-linkages necessary for electroactivity. 
The electropolymerisation of some sterically hindered five member heterocycles (2,5-
dimethylthiophene and 1, 1', 1 " ,  1 "'-silanetetrayltetrakis-J H-pyrrole) illustrated the 
importance of a, a-linkages and extended conjugation in polymer conduction. 
Final studies addressed the use of polymers for enzyme immobilisation. STM 
investigations of enzymes such as the 51 kD/66 kD heterodimer and 66 kD/66 kD 
homodimer of the HIV -1 reverse transcriptase and RNNDNA hybrids, which may be 
used in the immobilisation studies, on an n-MoTe2 substrate were carried out. AFM 
studies of poly((E)-2-styrylpyrrole), an extremely smooth polymer, revealed a micro­
corrugated topology with features of heights ranging from 2-5 nm and widths of 
approx. 80 nm. 
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CHAPTER ONE 
INTRODUCTION 
1.1 Conducting polymers 
Intrinsically conducting polymers (ICPs) are an exciting new class of electronic 
materials, which have attracted rapidly increasing interest since their discovery in 1979 
[1]. ICPs have the potential of combining the high conductivities of pure metals with 
the processibility, corrosion resistance and low density of polymers [2] and are 
beginning to find applications in the fields of battery materials [3], electrochromic 
displays [4], electromagnetic shielding [5], sensor technology [6], non-linear optics [7] 
and molecular electronics [8,9] . 
1.2 Polyacetylene 
Large-scale interest in conducting polymers is a relatively recent occurrence, although 
materials which might be considered electrically conductive polymers, such as filled 
polymers and aniline blacks, were known at the beginning of this century. The current 
interest in conductive polymers began in the 1970's, when it was found that the 
electrical conductivity of polyacetylene, a semi-conductor when pristine, could be 
increased by over fifteen orders of magnitude by treatment with oxidising agents such 
as iodine. 
Polyacetylene has been the most theoretically [10] and experimentally studied 
conducting polymer, owing to its simplistic conjugated structure and high conductivity 
(104-106 S cm-1), comparable to that of metals [11]. Most research on polyacetylene 
has been performed on the 'Shirakawa' type, which is synthesised via the Ziegler-Natta 
polymerisation of acetylene [12,13]. Polyacetylene is formed as two isomers, (E) and 
(Z), of which the (E)-form is the more conducting and thermodynamically stable. The 
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relative proportions of the two isomers depend upon the reaction temperature, solvent 
and the nature of the catalyst. By varying the catalyst concentration in the solvent, it is 
possible to obtain polyacetylene as a gel, powder, or thin film [14]. 
However, polyacetylene produced by this method has two main disadvantages: the 
electrical conductivity decays rapidly upon exposure to air and the polymer is entirely 
intractable. Exposure to air results in the formation of carbonyl, hydroxyl and epoxide 
groups, which lead to the destruction of the conjugated structure. The Naarmann 
process, a modified version of the Shirakawa process, results in a vast improvement in 
environmental stability [15].  In addition, this process yields materials with the highest 
known electrical conductivity per unit weight [15] ,  with the exception of 
superconductors, although the reasons for these effects are unclear. 
A number of approaches have been developed to resolve the intractability problem 
inherent with the Shirakawa method. One such approach has been the use of eo­
polymerisation, with the potential of combining the high conductivity of polyacetylene 
with the processibility normally associated with conventional polymers. However, in 
practice, the properties of these copolymers tend to be significantly different from those 
of the constituent polymers and while some of the intractability problems have been 
overcome, this is at the expense of high conductivity. 
An alternative approach has been the spatially oriented synthesis of polyacetylene, 
where polymer chains become aligned, thereby facilitating charge transfer between the 
chains and thus improving de conductivity. Soluble materials have been produced, 
exhibiting high specific de electrical conductivities of the order of 104 S cm-I. 
To obtain materials of a more controllable morphology, soluble precursor systems have 
been developed which, upon elimination of some small molecule, produce fully 
conjugated polyacetylene [ 16, 17]. Perhaps the most successful of these processes is 
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that which was developed at the University of Durham. When chemically doped using a 
variety of oxidising agents, such as bromine, iodine or arsenic pentafluoride, the 
resultant material exhibited electrical conductivities similar to that obtained by 
Shirakawa. However, the main advantage of 'Durham polyacetylene' is the ability to 
apply a stress to  the precursor during heat treatment to  produce highly oriented films, 
which allow detailed studies of the anisotropic conduction of polyacetylene. 
In addition to chemical doping, polyacetylene can also be doped electrochemically, with 
electro-oxidation resulting in p-doping and reduction leading to n-doping [ 1 8] .  
Electrochemical methods have the advantage of controlling the extent of doping from 
the charge passed, using Faraday's Laws of Electrolysis (see section 1 .5.2). 
1.3 Polyheterocycles as conducting polymers 
The synthesis of polyacetylene in the high conducting doped form was a starting point 
for a considerable number of studies. Electrodeposition of free standing films of 
polypyrrole from organic media [ 1 9] opened the way to intensive research into 
polyheterocyclic and polyaromatic conducting polymers [20]. 
The electrochemical oxidation of these resonance-stabilised aromatic molecules has 
become one of the principal methods of preparing conjugated, electronically conducting 
polymers. Since the first reports of the oxidation of pyrrole, many other aromatic 
systems have been found to undergo electropolymerisation to produce conducting 
polymers (Table 1 . 1 ). These include, thiophene [2 1 -24], furan [2 1 ] ,  aniline [25-28], 
azulene [29,30], indole [2 1 ] ,  para-phenylene [3 1 ,32] , as well as many substituted, 
multi-ring and polynuclear aromatic hydrocarbon systems. All the resulting polymers 
have a conjugated backbone which is required for electroactivity. In addition, the 
polymers are electrochemically oxidised to their doped states as they are formed. This 
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oxidation necessitates the incorporation of charge compensating anions, also known as 
dopants, into the oxidised film to maintain electroneutrality. 
Table 1.1 Names and idealised structures of the most widely studied conducting 
polymers. 
Polymer Structure Polymer Structure 
Polyacetylene Polyindole 
Polypyrrole m Polyaniline io"1 n 
n 
Polythiophene fq Polyazulene 
tot 
n 
n 
Polyfuran fq Poly fcB-para-phenylene n n 
Before the synthesis and properties of polyheterocyclic conducting polymers are 
discussed further, the mechanisms for the electronic conductivity and the nature of 
charge carriers in conjugated polymers are first considered. 
1.4 Mechanisms of conduction 
Mechanisms for the electronic conductivity and the nature of charge carriers in 
conjugated polymers are still a subject of debate. A brief summary of the various 
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theoretical models for the electronic conductivity of conjugated polymers, using 
polyacetylene and polypyrrole as examples, is given below. 
The degeneracy of the ground state of (E)-polyacetylene (Fig. l . l (a) and (b)) produces 
structural defects in polymer chains, causing a change in bond alternation (Fig. l .l(c)). 
At the defect site, a single unpaired electron exists, although the overall charge remains 
zero, creating a new energy level at mid-gap (a non-bonding orbital) .  This neutral 
defect state, known as a 'soliton', is singly occupied, possessing a spin of Y2, and is 
delocalised over about fifteen carbon atoms [33]. The soliton energy level can 
accommodate zero, one or two electrons and thus the soliton may also be positively or 
negatively charged, giving the unusual property of separating spin and charge, with 
neutral solitons possessing spin, but no charge, and charged solitons having no spin. In 
a doped polymer, charge is located in the mid-gap states, since these provide the 
HOMO for charge removal and the LUMO for charge injection. Since a defect can 
occur anywhere along the chain, there is translational symmetry in the system, providing 
mobility of the soli ton along the chain, offering a mechanism for electronic conductivity. 
(a) 
• 
(c) 
Fig. 1 . 1  The two degenerate (E)-structures of polyacetylene (a) and (b); (c) shows a 
soli ton defect at a phase boundary between the two degenerate (E)-phases of 
polyacetylene, where the bond alternation is reversed. 
Two neutral solitons usually recombine eliminating structural defects, although single 
solitons can arise on chains with imperfections [34,35]. In contrast, charged solitons 
repel each other and lead to isolated charged defects [33] . A neutral soliton and a 
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charged one can however achieve a minimum energy configuration by pairing [36], 
producing a 'polaron' [37] ,  which is essentially a radical cation, and gives rise to two 
states in the band gap, a bonding and an anti-bonding orbital, with symmetry placed 
about the mid-gap energy. 
(E)-Polyacetylene is the only conjugated polymer to possess a degenerate ground-state. 
All other conjugated polymers possess non-degenerate ground states, and this affects 
the nature of charges which they can support [38]. In such polymers, where two non­
degenerate regions are separated by a topological defect, the formation of single 
solitons is energetically unfavourable [33], and paired sites are formed [36] . This is the 
case for polypyrrole, which can be drawn with either aromatic (Fig. 1 .2(a)) or quinoid 
(Fig. 1.2(b)) structures, of which the latter possesses a higher energy configuration. 
Two neutral radicals on a single chain will recombine to eliminate the structural defect 
[33] , although, if one is charged, a polaron is formed which is delocalised over about 
four rings (Fig. 1.2(c)). In contrast to polyacetylene, when both defects are charged, 
they are predicted to pair up to form a 'bipolaron' [33] , consisting of a doubly charged 
defect with no spin (Fig. 1.2(d)) and extending over a similar number of rings to the 
polaron. At higher doping levels, bipolarons may also combine to form 'bipolaron 
bands' within the gap [39]. Polymer doping is considered further in section 1.5.2. 
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(a) 
(b) 
(c) 
(d) 
Fig. 1 .2 Possible structures of polypyrrole showing the non-degenerate aromatic (a) 
and quinoid (b) configurations; (c) a polaron defect, and (d) a bipolaron defect. 
Although these charge carriers are responsible for electrical conductivity in conjugated 
polymers, many structural imperfections are present in all polymers and thus when 
discussing mechanisms of bulk conductivity, these defects need to be considered. 
Conductivity is not only a result of charge transfer along the chain, but is also due to 
electron hopping between chains and between different conjugated segments of the 
same chain. In addition to these effects which act at a molecular level, bulk 
conductivity values are also dominated by electron transfer between grain boundaries 
and variations in morphology [40,41 ] .  Thus, the bulk conductivity of  a conjugated 
polymer may be described by Eq. 1 . 1  [2]. 
22 
where, 
� n.Z.ev. r:J=k.J I I I 
E 
cr = conductivity (S cm-1), 
1\ = number of charges carried by each type i, 
zi = carrier type, 
e = electronic charge ( 1 .60x1Q-19 C), 
vi = drift velocity of electron (cm s-1) ,  and, 
E = electric field (V cm-1) 
(Eq. 1 . 1 )  
Eq. 1 . 1  takes into account different types of charge carrier which contribute t o  the 
overall observed electrical conductivity in the bulk polymer. 
1.5 Synthesis of conducting polymers 
Conducting polymers can be synthesised via chemical or electrochemical routes, 
although the former has now been largely superseded by electrochemical methods. 
However, many polymers, most notably polyacetylene, are still only accessible via 
chemical synthesis. The following sections describe these two different synthetic 
routes. 
1.5.1 Chemical synthesis 
A large number of conducting polymers can be synthesised via catalytic oxidation 
[42,43] .  However, control over polymer morphology is extremely limited, purification 
can be problematic and processing is virtually impossible. However, a number of 
alternative synthetic routes have been developed which involve soluble precursor 
polymers (see section 1 .2). 
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1.5.2 Electrochemical synthesis 
Electrochemical synthesis of conducting polymers offers many advantages over 
chemical synthesis, including the in-situ deposition of the polymer at the electrode 
surface, and, hence, eliminating processibility problems and the control of the thickness, 
morphology and degree of polymer doping by the quantity of charge passed. In 
addition, the polymers are simultaneously oxidised to their doped conducting forms 
during polymer growth. 
Electropolymerisation is achieved by the electro-oxidation of the heterocycle in an inert 
organic solvent containing supporting electrolyte [44] . A schematic of the generally 
accepted mechanism for electropolymerisation of five membered heterocycles [45] is 
shown in Fig. 1 .3. The initial electrochemical step (E) is a one electron oxidation of the 
monomer to form its radical cation. A high concentration of these species is maintained 
at the anode surface because the rate of electron transfer greatly exceeds the monomer 
diffusion rate to the electrode surface. The second step, a chemical reaction (C), 
involves the spin-pairing of two radical cations to form a dihydro dimer dication, which 
subsequently undergoes the loss of two protons and rearomatisation to form the dimer. 
Aromatisation is the driving force of the chemical step (C). Coupling occurs primarily 
through the a-carbon atoms of the heterocyclic ring since these are the positions of 
highest unpaired electron n-spin density and hence reactivity. At the applied potential, 
the dimer, which is more easily oxidised than the monomer, exists in a radical cation 
form and undergoes further coupling reactions with other radical cations. This 
electropolymerisation mechanism, according to the general scheme E(CE)n, continues 
until the oligomer becomes insoluble in the electrolytic medium and precipitates onto 
the anode surface [ 46]. However, this mechanism for electropolymerisation is greatly 
simplified, with the nature of the rate limiting step and the exact role of oligomers in the 
initial deposition step, remaining unresolved [38]. 
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Fig. 1 .3 Proposed mechanism for the electrochemical polymerisation of aromatic five 
membered heterocycles; where X=NH, S or 0. 
Non-a.,a.'-linkages (e.g. a,W and �.W couplings) can occur to variable extents, causing 
breaks in conjugation and hence, reduction in film conductivity. Such linkages are more 
profound in the later stages of electropolymerisation where the unpaired electron 7t-spin 
density of the �-carbon atom of the oligomer approaches that of the a.-carbon atom 
[47] .  
Since conjugated oligomers are oxidised at less positive potentials than their 
corresponding monomer, polymer oxidisation occurs concurrently with 
electrodeposition. Typically, one electron is removed from the polymeric backbone for 
every three-four monomer units to form polar structures, responsible for inherent 
conductivity (see section 1 .4). Anions, termed 'dopants', are thus incorporated into the 
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film to maintain electroneutrality. The doping terminology of conductive polymers 
should be distinguished from its conventional use in semi-conductor physics, since 
considerably higher concentrations of dopant are employed in the former, typically up 
to 33% [48]. Conductive polymers can be cycled between the oxidised conducting 
state and the neutral insulating state [22], this process being controlled by the diffusion 
of counter ions into and out of the film [ 45]. 
The type of counterion used can greatly affect the conductivity of the film [49] .  For 
example, for equal degrees of tetrafluoroborate doping, polypyrrole typically has 
conductivities in the range of 30-100 S cm-1, whereas with perchlorate anions, enhanced 
conductivities of 60-200 S cm-1 can be achieved [50] . 
It is generally assumed that polymer growth occurs via a nucleation process similar to 
that of metal deposition. However, ellipsometric measurements of polypyrrole 
formation [5 1 ]  suggest that polymerisation does not occur via localised nucleation but 
that the product grows homogeneously on the surface. Potential step experiments have 
shown instantaneous nucleation on the bare metal surface followed by rapid formation 
of a polymer monolayer [52] . Spectroscopic measurements [52] have shown that 
initially short oligomers are produced with longer chains appearing subsequently and 
that the electrical properties of the bulk material only become evident when the growth 
centres have overlapped to form a continuous film. 
1.6 Derivatised conducting polymers 
Derivatisation provides one of the best methods of achieving molecular level control of 
structure and electronic and electrochemical properties of conductive polymers [22,53-
56]. This was originally achieved through the use of dimers [41 ,57], trimers [4 1 ,58] 
and tetramers [59] of thiophene and pyrrole which were found to undergo 
electropolymerisation to produce electroactive films with modified properties to those 
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of the parent monomer. For example, poly(bithiophene) and poly(terthiophene) are 
usually obtained as powdery deposits rather than homogeneous films, showing lower 
conductivities (approx. 3-0.02 S cm-1 , in the case of poly(bithiophene)) than typically 
observed for polythiophene [ 4 1  ,46] . This is reflected in the electronic absorption 
spectra, which show a hypsochromic shift in the absorption maximum, suggesting a 
decrease in the mean free conjugation length of the polymer. Thus, 
electropolymerisation of monomers and oligomers does not produce the same polymer 
as might be expected. 
1.6.1 Substituted heterocycles 
Pyrroles and thiophenes substituted at the 3-(�-)position (and also the N-position for 
pyrrole) can often undergo electropolymerisation to produce conducting polymers, 
since the 2- and 5-(a-)positions remain available for monomer coupling [38] . The 
electrochemical behaviour of a wide-range of �-substituted pyrroles and thiophenes has 
been investigated, although �-substituted thiophenes are generally more suitable than 
their pyrrole analogues due to their high stability and ease of preparation [50] . The 
products formed from electro-oxidation are highly dependent on the substituent, with 
some reactions producing conducting polymers and others, insulating layers or soluble 
species. This has been attributed to electronic and steric factors [50] . 
A linear correlation has been found between monomer oxidation potential and Hammett 
constant for a series of �-substituted thiophenes (Fig. 1 .4), suggesting electronic effects 
dramatically affect the electronic density and, hence reactivity, of the thiophene ring 
[22] .  Highly electron withdrawing substituents, such as nitro and nitrile groups, 
coupled directly to thiophenes at the �-position cause the monomer oxidation process 
to shift to much higher anodic potentials than thiophene itself (e.g. 2000 m V c.f. 1400 
mV) and as a result, electropolymerisation does not occur. Similarly, highly electron 
donating species, such as amino groups, increase the electron density at the thiophene 
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ring, thus allowing monomer oxidation to occur at less anodic potentials relative to that 
of thiophene itself. Such a stabilisation of the radical cation results in diffusion of the 
species away from the electrode interface into the bulk electrolyte before eventually 
being attacked by the electrolyte or other nucleophilic species in solution. Between 
these two extreme cases, other substituents may be used to . In cases where conducting 
polymers are produced, electronic effects also have an effect on redox behaviour, where 
polymer oxidation potentials are also found to vary linearly with Hammett constant 
[22] . Thus, in principle, a substituent may be chosen to produced the desired 
electrochemical properties. In addition to electronic effects, steric factors also influence 
the electropolymerisation reaction and properties of conducting polymers, where they 
are formed [ 46] . 
Epa monomer (m V vs. SCE) 
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Fig. 1 .4 Variation of monomer oxidation potential with Hammett constant for �­
substituted thiophene monomers; where � = Me, H, Br and COOH from left to right, 
respectively. 
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Steric effects do not significantly hinder the formation of the radical cation but appear 
to become important in the subsequent coupling reaction [46]. For example, 3-
methylthiophene undergoes electropolymerisation at a potential of 200 m V less anodic 
than that of thiophene, as might be expected from Hammett constant considerations. 
However, a polymer of higher conductivity than polythiophene (cr: 450-5 10  S cm-1 
compared to 270 S cm-1) is produced [55] and this can be explained by blocking one of 
the �-positions of the thiophene ring by a methyl substituent which reduces the 
incidence of defect a,W- and �.�'-linkages. It might, therefore, be expected that 3,4-
dimethylthiophene would produce a polymer of even higher conductivity than poly(3-
methylthiophene). However, a polymer of significantly reduced conductivity (cr: 0.5 S 
cm-1) was produced and this may be explained by steric interactions between methyl 
substituents grafted on consecutive thiophene rings which distort the 7t-system and thus 
decrease the degree of conjugation. 
1.6.1.1 Soluble conducting polymers 
In addition to conductivity enhancement, �-substituted thiophenes have a variety of 
other potential applications. Polythiophenes containing alkyl [60-62] and alkoxy [62] 
�-substituents are soluble in common organic solvents in the conducting state, 
considerably aiding processibility and characterisation of these electroactive materials. 
Poly(3-alkylthiophenes) with alkyl groups with chain lengths equal or greater than four 
(i.e. butyl) are readily soluble in THF, dichloromethane, chloroform, benzene, toluene, 
xylene, benzonitrile and nitrobenzene at room temperature. Solublilised polymers can 
subsequently be processed into films, which show similar electrochemical properties to 
those produced directly. Doped solution-cast films generally show lower conductivities 
than electropolymerised films, although stretching the films can increase the 
conductivity [46]. 
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1.6.1.2 Self-doped polythiophenes 
Self-doped conducting polymers may be formed if the dopant amon is covalently 
attached to the polymeric backbone [46,63] . In these systems, charge compensation 
upon doping involves the expulsion of cationic species rather than the insertion of 
anions and since the �-substituent is often a sulphonate group these polymers exhibit 
water solubility [ 46] . These films need to be electropolymerised from methyl ester 
derivatives, followed by conversion to the polyelectrolytic form by methyl iodide in 
acetone, since thiophenes bearing sulphonic acids or sodium salt substituents do not 
undergo polymerisation. 
1.6.1.3 Other functionalised polythiophenes 
Redox centres, such as ferrocene, have been covalently attached to polypyrrole to act as 
cofactors for immobilised glucose oxidase in the construction of amperometric glucose 
sensors [64]. However, only a few examples of derivation of polythiophene by redox 
active groups, such as ferrocene [65] and bipyridyl [66], have been described, owing to 
degradation of the attached redox centre under the much higher oxidation potentials 
required for thiophene electropolymerisation. Fluoroalkyl derivatives have been shown 
to produce elastomeric materials with higher electroactivity than polyalkylthiophenes 
[67]. Alkyl spacer linkages are necessary between the fluoroalkyl group and the 
thiophene ring to neutralise the strong electron withdrawing effect of the substituent. 
Electroactive polymers containing optically active substituents show potential 
technological applications as materials for enantioselective modified electrodes [68]. 
1. 7 Characterisation of conducting polymers 
Conventional techniques for polymer characterisation cannot be applied to conductive 
polymers, because the highly conjugated backbone causes insolubility of the polymer in 
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all common solvents. Characterisation methods are therefore restricted to surface 
techniques and the following methods have been used with varying degrees of success: 
(i) electrochemical methods, particularly cyclic voltarnmetry (CV), (ii) X-ray 
photoelectron spectroscopy (XPS), (iii) solid-state NMR, typically I3C NMR using 
cross polarisation magic angle spinning (CPMAS 13C NMR), (iv) scanning electron 
microscopy (SEM), and (v) scanning probe microscopy (SPM). The information 
obtainable from these surface techniques is discussed in the following sections. 
1.7.1 Electrochemical characterisation 
Electrochemical methods are extremely useful for the characterisation of conducting 
polymers, as well as being an attractive technique for their electrosynthesis (section 
1 .5.2). Cyclic voltarnmetry (CV), the principles of which are well documented [69-7 1], 
is a simple and valuable technique for the study of electroactive polymers. Both 
qualitative and quantitative data may be obtained and the technique finds particular use 
in preliminary studies of new systems. Cyclic voltarnmetry shows the potentials at 
which oxidation and reduction processes occur, the potential range over which the 
solvent is stable and the degree of reversibility of the electrode reaction [7 1] .  Cyclic 
voltarnmetry of electroactive polymers can be complex, showing a dependence on the 
nature of the dopant anion [72]. Electroactive films can be repeatedly cycled between 
neutral and p-doped forms in a non-aqueous electrolyte, with no change in the shape of 
the voltarnmogram [45]. However, if the potential is scanned to far in an anodic 
direction, poorly defined irreversible peaks develop, corresponding to a loss in redox 
reversibility of the film [73]. 
The chemical processes involved in redox cycling are complicated. Polymer oxidation 
current densities, jpa• scale linearly with sweep rate in the range 10- 100 m V s-1, 
suggesting reactions occur at the electrode surface. However, elemental analysis [74] 
and XPS studies [75] show a gradual change in composition during cycling, with the 
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original dopant anion being replaced to some extent by oxygen, which also serves as a 
genuine dopant [24]. Repeated cycling has also been suggested to reduce the mean 
conjugation length of the polymer, a theory supported from ESR evidence which shows 
a reduction in the number of free spins present in the polymer [76]. 
CV may also be used to show the ability of the film to store charge and to respond to 
the applied potential. The areas underneath the oxidation and reduction peaks show 
that approximately equal amounts of charge accompany each process demonstrating the 
electrochemical reversibility and efficiency of the redox process. However, high 
capacitive currents make determination of the degree of oxidation (doping) almost 
impossible [77]. 
1.7.2 X-Ray photoelectron spectroscopy 
Surface analysis using X-ray photoelectron spectroscopy, XPS (also known as electron 
spectroscopy for chemical analysis, ESCA) is achieved by irradiating a sample with a 
monochromatic beam of soft X-rays, typically Al Ka radiation ( 1486.7 eV), and 
analysing the energy of the photoelectrons emitted. The penetrative power of these X­
rays is of the order of 1 - 1 0  J..lm. At the surface of the sample under investigation, the 
incident X-rays interact with the atomic core electrons causing an emission of 
photoelectrons (the photoelectron effect), the energy of which is determined from Eq. 
1 .2. 
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where, 
EK = kinetic energy of the photoelectron, 
hu = energy of the photon, 
E8 = binding energy of the core atomic orbital from which 
the electron originated, 
<l>s = spectrometer work function. 
(Eq. 1 .2) 
The binding energy can be regarded as an ionisation energy for a particular electron 
shell, and is highly dependent on the nature of binding of the atom, e.g. covalent or 
ionic, and the local environment. XPS has been widely discussed in the literature 
[78,79], and thus only the use of XPS for structural studies of electroactive polymers 
will be considered here. 
XPS is an attractive technique for the study of conducting polymers as it provides both 
chemical and structural information without excessive material degradation [80]. 
Although XPS has been widely used to study insulating polymers [8 1 ], relatively few 
reports have been made on electrically conducting polymers. Even then, most of these 
studies have been concerned with the nature of the inorganic dopant species. The first 
use of XPS in the study of conducting polymers, was an investigation of the nature of 
the dopant species in iodine-doped polyacetylene [82]. A weak complex of a neutral I2 
molecule with I3- ion, yielding an I5- species was identified, which was later confirmed 
by Raman Scattering. Subsequently, an investigation into the dopant depth distribution 
in polyacetylene indicated that iodine was concentrated in the surface layers of 
polyacetylene and the molar ratio of r5-/I3- was higher at the surface compared to that 
in the bulk polymer. Depth distribution studies in XPS are possible, because 
photoelectron escape depths vary with electron kinetic energy. Deeper (higher binding 
energy) core levels yield electrons with lower kinetic energies (Eq. 1 .2), which have 
shorter electron mean free paths, resulting in shorter escape depths [83]. 
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XPS studies of polyheterocycles, although mainly polypyrrole, have received more 
attention recently [75,84] . Comparison of the XPS spectra of a large number of 
polypyrroles, prepared under different electrosynthetic conditions, has established that 
BF 4- is indeed the dopant species in polypyrrole. This conclusion was non-trivial in the 
light of difficulties frequently encountered in fluorine analysis. The identity of BF 4- was 
made from a consideration of relative binding energies, using several boron-fluoride 
reference compounds, and by XPS valence band spectra. 
Although XPS studies have been mainly concerned with dopant species, useful 
information concerning the polymer backbone of polypyrrole itself has been obtained. 
In films with TBABF 4 as supporting electrolyte, degrees of doping can readily be 
determined from the ratio of the N( ls) peak to the B(ls) signal. Thus, polypyrrole­
BF4- fllms are found to consist of four intact pyrrole units for each BF4- ion [84], in 
agreement with other characterisation methods [ 1 ] . After correction for the differences 
in the energy of the Fermi levels in doped and undoped polypyrrole, both the C(ls) and 
N ( 1 s) binding energies shift to higher values on doping [84] although no peak splittings 
occur on the energy scale of the binding energy differences, i.e. of the order of 0.5 e V. 
The direction of the XPS peak energy shifts indicate that charge is withdrawn from the 
polymer matrix by the electrochemical incorporation of dopant anions. The absence of 
peak splitting in both the C(l s) and N( l s) spectra implies that charge is withdrawn 
uniformly from each of the four monomer units of the polymer chain corresponding to 
one dopant anion, in this case BF 4-, which in turn implies delocalisation of valence 
charge over at least four monomer units. 
XPS may also provide information on polymerisation sites. For example, the carbon 
C( l s) signal can be resolved into three component peaks: (i) a main peak at 284.5 eV, 
thought to be due to pyrrole a-carbon atoms, (ii) a peak at lower binding energy, 283.6 
eV, attributed to �-carbon atoms, and (iii) a peak at high binding energy, ascribed to 
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'disorder-type' carbons, i.e. crosslinked, chain-terminating or non-a,a'-linkages [85]. 
The intensity of the a-peak is greater than the �-peak, although both intensities should 
be identical. However, the a-peak and the disorder peak probably gain some intensity 
from hydrocarbon impurities present in almost any XPS spectrum in the region of 
284.5-285 eV. Even after reducing the a- and disorder peaks by an appropriate factor, 
such as to equalise the intensity of the a- and �- peaks, the remaining intensity in the 
disorder peak implies that as many as 1 /3 of the pyrrole rings are affected by structural 
disorder [86]. 
The most intense peak in XPS spectra of polypyrrole is often the O(l s) signal, and it 
occurs even after rigorous attempts to exclude oxygen and oxygen containing species 
from the electrolyte during electrosynthesis. 
1.7.3 Solid-State NMR spectroscopy 
Conventional NMR spectroscopic studies of solids yield extremely broad spectra, due 
to the magnitude of 1 3C-1H dipolar interactions. However, a recent spectroscopic 
technique, cross-polarisation magic angle spinning (CPMAS) 13C NMR [87] is able to 
provide new information on the structure and reactions of electroactive polymers [88]. 
For example, CPMAS l3C NMR provides evidence that polypyrrole exists as chains of 
a,a'-linked pyrrole units, with one positive charge for every three-four monomer units 
[88]. The spectrum of neutral polypyrrole shows three main peaks, two of which are 
shifted 123 and 105 ppm downfield to TMS. These signals correspond well with the a­
and �-carbon atoms of pyrrole itself, which occur at 1 17 and 108 ppm, respectively, 
downfield of TMS [89]. The peaks at 1 23 and 105 ppm confirm the presence of the 
pyrrole moiety in the polymer, and the downfield shift of the a-carbon atoms relative to 
monomeric pyrrole is consistent with linkages via the a,a'-positions [89] . A third, less 
well defined peak at 135 ppm may indicate the presence of non-a,a'-linkages, e.g. a,W­
linkages, although these may be due to chain end groups [88]. 
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Electrochemically polymerised polypyrrole, doped with perchlorate, shows a broad 
asymmetric peak, shifted downfield relative to neutral polypyrrole [88]. This is 
consistent with the removal of n-electrons to form a polycationic chain. Polypyrrole, 
exposed to iodine vapour, shows an even greater downfield shift, suggesting a higher 
degree of oxidation, consistent with the higher conductivities exhibited by iodine-doped 
polymers [88]. 
Despite these significant findings, the use of CPMAS l3C NMR for structural studies of 
polymers is rather limited, since spectra contain many overlapping carbon signals 
corresponding to small differences in chemical shifts [88,90]. To overcome this 
problem, CPMAS ISN NMR spectra of 15N-enriched polypyrrole have been obtained 
[9 1] .  A single broad signal is  observed at 1 20 ppm indicating that all the nitrogen 
atoms are protonated supporting the theory that polypyrrole consists of coupled pyrrole 
monomer units [9 1] .  
1. 7.4 Scanning electron microscopy 
Polymer structure and morphology are greatly affected by electrosynthetic conditions 
[96] (section 1 .5.2), such as electrode materials, solvent and electrolyte salts, oxygen 
and water content of the system and the current density used for electropolymerisation. 
Although a quantitative measure of these effects has not been established, some general 
observations have been made. Thin films generally appear smooth, whilst thicker 
samples have a much more uneven textured surface [92]. Lower current densities [ 1) 
and potentials [93] used during electropolymerisation give rise to smoother films. SEM 
also shows that the doping/dedoping process is often accompanied by major changes in 
morphology [94 ], perhaps due to swelling caused by the insertion and removal of ions 
within the polymer matrix. SEM investigations show polypyrrole is space-filling [95), 
i.e. non-fibrillar, and non-crystalline [96] and a similar amorphous morphology is also 
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typical of polythiophene [22]" However, in the case of polythiophene, other work has 
indicated a basically granular [97] or fibrillar [98] structure. There is also evidence to 
suggest that chemically synthesised polythiophene is crystalline [57]. 
1.8 Scanning probe microscopy 
Scanning probe microscopy (SPM) has proved to be a revolutionary new technique in 
surface science, owing to its ability to obtain, in principle, atomic resolution which has 
been impossible with optical microscopy [99]. SPM has many other advantages over 
established imaging techniques, such as accurate vertical resolution, the ability to 
produce three dimensional representations of surfaces and the unnecessary requirements 
for elaborate sample preparation procedures.  SPM is the general name for a number of 
related 'probe' techniques, including scanning tunnelling microscopy (STM) [ 100, 101]  
and atomic force microscopy (AFM) [ 102]. 
1.8.1 Scanning tunnelling microscopy 
In STM, a near-atomically fine tip is brought very close to a surface (approx. 1 0  A or 
less) and a potential of 2-2000 m V is applied across the small gap [ 101] ;  a tunnelling 
current (Jt) is measured which is directly proportional to the bias potential (Ut) and 
exponentially proportional to the distance separating the tip and the sample (Eq. 1 .3). 
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where, 
1t = tunnelling current (nA) 
Ut = applied voltage (V) 
(Eq. 1 .3) 
<1> = effective tunnelling barrier height (a function of the tip and sample 
materials representing the difference between the tunnelling energy 
level and the tip-sample systems maximum energy level) (eV) 
d = tip-to-sample distance (nm) 
a,b = constants 
The technique is based on the exponential proportionality of tunnelling current with tip­
sample distance, since a small decrease in the tip-to-sample distance (d) will result in a 
large increase in the tunnelling current, assuming a constant applied potential. The tip is 
scanned across the surface, while the tunnelling current is monitored and related to the 
vertical (and horizontal) position of the tip so as to produce a map of the local density 
of states. 
STM can be operated in both constant height and constant current niodes. In the 
constant height mode, the tip is scanned across the surface at fixed height and the 
tunnelling current is used directly to obtain the image [ 1 03] .  In the latter mode, as the 
tip is scanned across the surface the tunnelling current is detected and by means of a 
feedback circuit the height of the tip is immediately adjusted to maintain constant 
current. The potential required for this adjustment is used to obtain the image [ 10 1] .  
Each mode has its own advantages. For example, constant current mode allows 
imaging of corrugated surfaces (> 10  A) with minimal damage to the scanning tip and 
the sample under investigation, whereas, constant height mode allows for much faster 
imaging of atomically flat surfaces. 
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1.8.2 Atomic force microscopy 
AFM relies on the use of a sharp, pyramidal tip (usually silicon nitride) mounted on a 
cantilever which is brought into contact or close proximity to the surface, depending on 
the operating mode. Intermolecular forces acting between the tip and the surface cause 
the cantilever to bend and images of the surface are obtained by recording the cantilever 
deflections, as detected by a laser beam focused on the top of the cantilever tip, as the 
sample is scanned [ 104] . In contact mode, intermolecular repulsion forces are 
measured whereas intermolecular attraction forces are measured in non-contact mode. 
STM and AFM are fully complementary, with STM providing an image related to the 
wavefunction overlap of the tip and the surface states contributing to tunnelling, and 
AFM images related to attractive, repulsive and frictional forces between the tip and 
substrate [ 1 05] . 
1.8.3 Scanning probe microscopy of conducting polymers 
Structural characterisation of conducting polymers by scanning probe microscopy 
(SPM) is a very recent development [ 1 06]. STM studies of polypyrrole [ 107- 1 13], 
polythiophene [ 1 14- 1 1 6] and its derivatives [ 1 14, 1 17, 1 1 8], and polyaniline [ 1 19- 1 2 1] 
have been reported, but AFM studies have not appeared in the literature to date, 
presumably because information concerning the electronic states of conducting 
polymers cannot be obtained by AFM. 
The first conducting polymers to be investigated by STM were polypyrrole [ 108] and 
polythiophene [ 109] doped with small counterions, such as tetrafluoroborate and para­
toluenesulphonate. Micro-islands, separated by polymer strands, were observed in the 
initial stages of polymer growth. Individual polymer strands in polypyrrole (doped with 
para-toluenesuplonate) and polythiophene (doped with tetrafluoroborate) possessed 
39 
helical configurations, the latter of which had a pitch of 0.8±0. 1 5  run and a diameter of 
1 . 5±0.3 nm, in agreement with X-ray analysis [ 122].  Theoretical calculations show that 
greater energetic stability may be achieved by the polymer adopting a helical 
conformation rather than a planar structure [ 1 23] .  The pitch was found to decrease to 
0.5 run on dedoping, attributable to the release of counterions between polymer helices. 
An estimate of ten or eleven thiophene monomer units per turn of the helix was made 
by examining a cross-section of a single polymer strand. The micro-islands themselves 
were made from linear, preferentially oriented strands, larger than those discussed 
above, with pitches of 2.6 run and a diameter of 5-6 nm. Fourier-transform analysis 
suggests that these large structures result from the supercoiling of single-stranded 
helices. Fibrillar structures were observed at intermediate film thicknesses (20 to 90 
nm), which were transformed with increasing film thickness to the nodular amorphous 
polymer associated with bulk conducting polymers. Polymer strands could not be 
imaged in these thick samples. 
With large counterions, such as poly(4-styrenesulphonate) (PSS-), parallel chains of 
ordered polypyrrole/PPS-, extending several hundred nanometres, were observed [ 1 10] .  
A pitch of  0.43±0.02 run was measured, similar to  that of  doped polypyrrole, although 
no reduction in pitch with dedoping occurred. These observations suggest that the 
polyanionic dopant, Pss-, overcoats the helical structure of polypyrrole, rather than 
being incorporated inside the helix as in the case with small inorganic dopants, e.g. 
BF 4- . Thus, Pss- is not labile and forms an integral part of the polymer backbone. 
Nucleation and growth behaviour of polypyrrole on highly oriented pyrolytic graphite 
has also been studied by STM [ 1 13] .  For nominal coverages of 8-40 A, the polymer 
typically grows in widely separated islands, which themselves nucleate preferentially on 
or near steps on the graphite surface. 
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1.9 Objectives 
The purpose of this work is to synthesise electroactive materials of high conductivity 
via the chemical and electrochemical polymerisation of novel heterocyclic compounds. 
The polymers formed are to be characterised by electrochemical techniques, such as 
cyclic voltammetry and chronoamperometry, and by a wide-range of solid-state 
spectroscopic techniques, including FT-IR, CPMAS 13C NMR and XPS. Film 
topologies are to be investigated by SEM and scanning probe techniques, such as STM 
and AFM. The potential of thin polymeric films for immobilisation and use as substrate 
materials for scanning probe microscopy studies of biomolecules will also be 
investigated. Molecular modelling will be used to help identify polymer 
structure/property relationships and to determine monomer coupling positions. These 
theoretical studies will be developed further to provide a useful predictive tool to screen 
novel monomers prior to experimental investigation and the approach may be used to 
form a key step in the rational design of novel conducting polymers via computational 
methods. 
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CHAPTER TWO 
EXPERIMENTAL 
2.1 Organic syntheses 
2.1. 1  General methodology 
(E)-Styrylthiophenes, (E)-styrylpyrroles and (E)-styrylfurans were synthesised from a 
modified Wittig reaction, as described for the synthesis of (E)-stilbene [ 1 24] . Azo 
derivatives of (E)-2-styrylheterocycles (18 and 19) were synthesised by reducing the 
corresponding nitro compounds (16 and 13) with lithium aluminium hydride. 
(Z)-a,p-Diarylacrylonitriles containing one heterocyclic ring were synthesised by the 
base catalysed condensation of either a heterocyclic acetonitrile with benzaldehyde (Fig. 
2. 1 (a)) or a heterocyclic carboxaldehyde with benzyl acetonitrile (Fig. 2. 1 (b)) [ 1 25] . 
These two different routes allow coupling of the nitrile group on either carbon atom of 
the alkene spacer linkage of the resultant acrylonitrile. Base catalysed conditions were 
necessary to abstract a proton from the active methylene group of the acetonitrile. For 
(Z)-a,p-diarylacrylonitriles containing two heterocyclic rings, the appropriate 
heterocyclic acetonitrile was condensed with a heterocyclic carboxaldehyde under 
identical conditions (Fig. 2. 1 (c)). All the a,p-diarylacrylonitriles were synthesised in 
the (Z)-conformation, as identified by NMR [ 1 26]. 1 , 1 ', 1 ", 1 "'-Silanetetrayltetrakis-JH­
pyrrole ( 40) was synthesised by reacting N-potassium pyrrole with silicon tetrachloride 
according to the procedure of Reynolds [ 1 27]. 
42 
�CH2CN ©-CHO b a s e  + 
(a) 
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(b) 
[J}Y'CHO [[J5CH 2CN b a s e  
+ 
X 
(c) 
X =  N, S or O; base = OW 
CN )GJ 
I / c - cH 
[[J5 -
)GJ CH=: C ([J5 1  CN 
X 
CH=:C� ([J5 1  CN 
+ H 20 
+ H 20 
+ H 20 
Fig. 2. 1 Schematic outlining the synthesis of heterocyclic (Z)-a,�-diarylacrylonitriles. 
Monomers 2 to 8, 26 and 36 were identified as novel compounds. Heterocycles 4, 5, 6, 
7, 8 and 10, and 16, 17, 18, 20 and 40, were synthesised at British Aerospace plc and 
the University of the West of England (Bristol), respectively, although their syntheses 
are described here for completeness. 
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2.1.2 Chemicals 
Aldrich (AR grade) chemicals were used for organic syntheses, with the exception of 
sodium, reduced iron powder, ammonium chloride, triphenylphosphine, sodium hydride, 
DMSO, anhydrous iron (Ill) chloride and N-bromosuccinimide which were obtained 
from BDH (reagent grade). 3-Thiophenecarboxaldehyde, 2-thiophenecarboxaldehyde 
and 2-furancarboxaldehyde were redistilled immediately prior to use (b.p. 87-88°C/2.2 
mmHg, 1 09- l 1 0°C/4.8 mmHg and 1 69°Cn6 mmHg, respectively). Ether was dried 
over sodium prior to use. Kieselgel 60 (Merck) was used for chromatographic 
separations. TLC was used to follow reactions and confirm product purity. 
2.1.3 Instrumentation 
Infra-red spectra were recorded on a Perkin-Elmer 297 Spectrometer using Nujol mulls 
of samples between NaCl plates. 1H NMR and 13C NMR spectra were recorded at 
room temperature in either CDC13 or d6-DMSO solution on a JEOL GSX-270 (lH, 13C) 
Fourier transform spectrometer at 270.05 MHz ( 1H) and 67.80 (13C) MHz, 
respectively, using the deuterium signal of the solvent as the lock and TMS as internal 
standard. Chemical shifts in the 1 H NMR are presented in the format: chemical shift 
(multiplicity, coupling constant J, proton assignment, proton integration). Electron 
impact mass spectra were recorded on a JEOL JMS-DX 303 spectrometer using an 
ionisation potential of 70 e V. Melting points were recorded using Gallenkamp melting 
point apparatus and are uncorrected. 
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2.1.4 Organic syntheses 
Benzyltriphenylphosphonium bromide 
Benzyl bromide (20.00 g, 0. 1 17 mol) was added to a solution of triphenylphosphine 
(30.67 g, 0. 1 1 7 mol) in toluene (75 cm3). The reaction mixture was stirred for 24 h at 
room temperature. After this period, a thick white solid had precipitated which was 
filtered off, washed with toluene and recrystallised from ethanol to yield a white 
microcrystalline solid (49.5 g, 98% ). 
Diethyl 4-nitrobenzyl phosphonate 
A mixture of 4-nitrobenzyl bromide (99%, 1 1 .86 g, 0.05 mol) and triethyl phosphite 
( 13.24g, 0.08 mol) was stirred at l l0°C for 50 min during which time copious amounts 
of ethyl bromide distilled off. The reaction mixture was distilled under reduced 
pressure to give diethy1 4-nitrobenzyl phosphonate as a golden oil ( 13.23 g, 88%), b.p. 
1 82-4°C/0.9 mmHg, lit. 1 80-200°C/2 mmHg [ 1 28]. 
1H NMR (CDC13) :  8 1.25 (t, CH3, 6H), 3.25 (d, CH2, 2H), 4. 1 0  (m, CH2, 4H), 7.50 
(q, ArH, 2H), 8 .20 (d, ArH, 2H) ppm; 13C NMR (CDC13) :  8 1 6.35, 32.92, 34.93, 62.5, 
1 23.66,  1 30.65, 1 39.82, 146.96 ppm, lit. 1 6.6 (CH2), 33.7 (PCH2), 62.6 (CH2), 1 23.8, 
1 3 1 .6, 1 4 1 .5 (C-CH2), 1 47.3 (C-N02) ppm [ 1 28]. 
3 -Bromomethylthiophene 
This compound was prepared according to an established procedure [ 1 29]. 
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3-Thienyltriphenylphosphonium bromide 
3-Bromomethylthiophene (2.0 g, 0.0 1 1 3  mol) was added to a solution of 
triphenylphosphine (2.6 g, 0.0 1  mol) in benzene (5 cm3) and the mixture stirred 
overnight. The white solid formed was filtered, washed with benzene and dried. 
Recrystallisation from ethanol gave 3-thienyltriphenylphosphonium bromide as white 
crystals ( 1 8.6 g, 8 1 %  ), m.p. 172°C. 
IR (Nujol): 3060 (uArH), 1 1 1 1  (y p-ArH); 1H NMR (d6-DMSO): o 7 .60 
(m, thienyl-H, 3H), 7.80 (s, PPh3, 1 5H) ppm. 
(E)-3-Styrylthiophene (l) 
Sodium ( 1 .42 g) was added to ethanol (20 cm3) and the solution was added to a stirred 
solution of benzyltriphenylphosphonium chloride (9.76 g, 0.0225 mol) in ethanol (20 
cm3). The reaction mixture immediately turned an intense orange colour and stirring 
was continued for I 0 min. 3-Thiophenecarboxaldehyde (2.53 g, 0.0225 mol) in ethanol 
(20 cm3) was added to the reaction mixture and stirring was continued for a further 24 
h. The reaction mixture was diluted with petroleum ether, the solid collected and 
purified by column chromatography using CHC13 as the eluent. Evaporation of the 
solvent and a small addition of ether gave (E)-3-styrylthiophene (1) as fine white 
needles (2. 1 8  g, 53%), m.p. 1 2 l -3°C, lit. 1 23-4°C [ 1 30]. 
Compound l .  IR (Nujol): 970 cm-I ,  lit. 948 (y=CH (E)) cm-I [ 1 3 1 , 1 32]; 1H NMR 
(CDC13) :  o.6.95 (d, ethenyl-H, lH), 7. 1 3  (d, ethenyl-H, 1 H), 7.25 (m, thienyl-H and 
PhH, 2H), 7.34 (m, PhH, 4H), 7.47 (m, thienyl-H, 2H) ppm; 13C NMR (CDC13) :  
o 1 22.37 , 1 22.84, 1 26. 1 8 ,  1 26.24, 1 27.43, 1 28.6 1 ,  1 28.64, 1 37.32, 1 37.32 ppm; MS: 
(m/z) 5 1 ,  63, 77, 84, 92, 102, 1 1 5, 1 32, 1 4 1 ,  1 52, 1 7 1 ,  1 86 (M+), lit. 1 86 (M+) [ 1 30] . 
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(E)-3-(4'-Nitrostyryl)thiophene (2) 
Butyl lithium ( 1 0  mol dm-3 in hexane, 2.2 cm3; approx. 1 0  equiv.) was injected into dry 
hexane (5 cm3) while stirring under a nitrogen atmosphere. Diethyl 4-nitrobenzyl 
phosphonate (5.90 g, 0.022 mol) in dry ether (22 cm3) was added dropwise over a 
period of 30 min under nitrogen. A fine, slightly soluble red precipitate was formed and 
stirring was continued for 1 5  min. 3-Thiophenecarboxaldehyde (2.42 g, 0.022 mol) in 
ether (22 cm3) was added in one portion. During the subsequent 1 5  min the colour of 
the reaction mixture changed from red to brown. The mixture was stirred for a further 
1 h and poured into water (300 cm3). On attempting to separate the ethereal and 
aqueous layers, a large amount of brown solid precipitated at the interface. The ether 
layer was separated off and the precipitate filtered, washed with water (2x200 cm3). 
Recrystallisation from ethanol yielded a brown microcrystalline solid ( 1 .53 g, 3 1 %  ), 
m.p. 1 62-3°C. 
Compound 2. 1H NMR (CDC13) :  () 7.00 (d, ethenyl-H, 1 H), 7.36 (m, ethenyl-H and 
thienyl-H, 4H), 7.6 1 (d, PhH, 2H), 8 .20 (d, PhH, 2H) ppm; 1 3C NMR (CDC13) :  
() 1 24.0- 1 27.3, 1 39 . 1 ,  1 44.0, 1 46.4 ppm; MS: (m/z) 1 8, 28, 32,  45, 63,  79,  92, 1 1 5, 
1 29, 1 4 1 , 1 52, 1 58,  1 7 1 ,  1 84, 23 1 (M+). 
(E)-3-(4'-Aminostyryl)thiophene (3) 
A mixture of 2 (0. 72 g, 0.003 1 2  mol), reduced iron powder (0.45 g, 0.008 mol), 
ammonium chloride (0.3 1 g), ethanol ( 1  0.5 cm3) and water (0.3 cm3) was stirred under 
reflux for 1 1  h. The mixture was filtered whilst hot and the fllterpad washed repeatedly 
with hot ethanol. The filtrate was collected and evaporated to dryness to yield an 
orange mass. TLC (using petroleum ether: ethyl acetate 1 : 1  vol./vol. as eluent) 
47 
confirmed the reaction had not gone to completion. The orange solid was dissolved in 
the same solvent and purified by column chromatography. TLC (using petroleum ether: 
ethyl acetate 10:3 vol./vol.) was used to follow the separation.  The first fraction, 
identified by NMR, was the unreacted nitro compound (2, 0.06 g). TLC analysis 
showed that the second fraction consisted of a mixture 2 and 3. The solvent from the 
second fraction was removed by evaporation and the residue washed repeatedly 
(petroleum ether: ethyl acetate, 9 :  1 vol./vol.) to remove the nitro compound, 
confirmation of which was by NMR. The precipitate was dried in vacuo to yield 3 as 
yellow crystalline plates (0. 1 6  g, 26%), m.p. 1 83-4°C. 
Compound 3. MS: (m/z) 28, 57, 69, 97, 1 29, 1 67,  1 84, 20 1 (M+). 
(E)-3-(4 '-Hexadecyloxystyryl)thiophene (4) 
Sodium hydride, 80% dispersion in mineral oil, (0.075 g, 0.003 1 mol), was dissolved in 
DMSO (20 cm3) at 60-70°C. 3-Thienyltriphenylphosphonium bromide ( 1 .3 g, 0.0025 
mol) was added and the mixture stirred for 30 min during which time all the solid had 
dissolved to give a deep red solution. 4-Decyloxybenzaldehyde (0.86 g, 0.003 1 mol) 
was added and the mixture stirred at 60-70°C for a further 30 min. TLC showed the 
disappearance of the starting aldehyde. The mixture was cooled and then poured into 
an ice/water mixture and the resulting solid was extracted into ether. The ethereal 
solution was passed through a short column of silica gel to remove triphenylphosphine 
oxide. After removal of the ether, the residue was recrystallised from ethanol to give 
the product as pale yellow crystals ( 1 .2 g, 72%), m.p. 1 45°C. 
Compound 4. IR (Nujol): 1 3 1 7  (C-0), 965 (y=CH (E)) cm-1; 1H NMR (CDC13): 8 0.88 
(t, CH3, 3H), 1 .30 (m, -(CH2)w, 28H), 3.95 (t, OCH2, 2H), 6.42 (d, 16 Hz, �-ethenyl­
H, 1 H), 6.50 (d, 1 6  Hz, a-ethenyl-H, 1 H), 6.80 (d, 8.8 Hz, PhH, 2H), 6.9 1 (m, 4-
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thienyl-H, l H),  7 . 1 2  (m, 2-thienyl-H and 5-thienyl-H, 2H), 7.2 1 (d, 8 .8  Hz, PhH, 2H) 
pp m. 
(E)-3-(4'-Methoxystyryl)thiophene (5) 
Compound 5 was prepared as described for the synthesis of (E)-3-(4'­
hexadecyloxystyryl)thiophene (4) , but using 4-methoxybenzaldehyde in place of 4-
decyloxybenzaldehyde. 
Compound 5. IR (Nujol): 1 3 1 1 (C-0), 967 cm-1 (y=CH (E)) cm-1 ;  IH NMR (CDC13) :  
8 3 .82  (s, OMe, 3H), 6.89 (d, 8 .7 Hz, PhH, 2H), 6.9 1  (d, 16  Hz, �-ethenyl-H, 1 H),  
7.01 (d, 1 6 Hz, a-ethenyl-H, 1 H),  7.2 1  (m, 4-thienyl-H, 1 H),  7 .27 (m, 2-thienyl-H and 
5-thienyl-H, 2H), 7.42 (d, 8.7 Hz, PhH, 2H) ppm. 
(E)-and (Z)-3-(3 ',4 ',5 '-Trimethoxystyryl)thiophenes (6) and (7) 
Compound 6 was prepared as for compound 4, but 3,4,5-trimethoxybenzaldehyde was 
used as the aldehyde. TLC confirmed the presence of a smaller amount of the (Z)­
isomer 7 which was isolated by chromatography. 
Compound 6. IR (Nujol): 1 3 1 5  (C-0), 967 (y=CH (E)) cm-1; 1 H  NMR (CDC13): 8 3.91 
(m, OMe, 9H), 6.70 (s,  PhH, 2H), 7.04 (d, 1 6.3 Hz, 2-thienyl-H, 1 H),  7.26 (m, 4-
thienyl-H, 1 H), 7.33 (m, 2-thienyl-H and 5-thienyl-H, 2H) ppm. 
Compound 7. IR (Nujol) : 1 3 1 2  (C-0), 705 (y=CH (Z)) cm-1;  1H NMR (CDC13) :  8 3.75 
(s, m-OMe, 6H), 3.85 (s, p-OMe, 3H), 6.50 (m, PhH, a-ethenyl-H and �-ethenyl-H, 
4H), 6.95 (m, 4-thienyl-H, 1 H), 7.25 (m, 2-thienyl-H and 5-thienyl-H, 2H) ppm. 
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3-(Phenylalkynyl)thiophene (8) 
3-Bromothiophene (0.20 g, 0.001 25 mol) in ether (5 cm3) was added dropwise to a 
stirred solution of magnesium powder ( 1 .0 g) in ether ( 1 0  cm3).  After the vigorous 
reaction had subsided, stirring was continued for 30 min. Trimethylsilylalkynylbenzene 
(0.22 g, 0.001 25 mol) in ether ( 1 0  cm3) was added to the reaction mixture and stirring 
continued for 2 h. The reaction mixture was neutralised with ammonium chloride, the 
ethereal layer washed with water (2x50 cm3) and dried (NazS04). Evaporation of the 
solvent yielded 8 as a brown microcrystalline solid (0.046 g, 20% ). The product was 
characterised by IR and NMR and used for electrochemical studies without further 
purification. 
(E, E)-3-(4 '-Phenyl-1 ',3 '-butadienyl)thiophene (9) 
Sodium (0.50 g) was added to ethanol (20 cm3) and the solution was added to a stirred 
solution of 3-thienyltriphenylphosphonium bromide ( 1 .30 g, 0.00296 mol). The 
reaction mixture immediately turned an intense orange colour and stirring was 
continued for 1 0  min. (E)-Cinnamaldehyde (0.40 g, 0.00296 mol) in ethanol (20 cm3) 
was added to the reaction mixture and stirred under gentle reflux for 60 min. The 
reaction mixture was diluted with petroleum ether and the solid collected. 
Recrystallisation from ethanol gave 9 as pale yellow plates (0. 1 06 g, 1 7% ), m.p. 1 6 1 -
30C, lit. 1 64°C [ 1 33]. 
Compound 9. IR (Nujol): 990 (vs), 830 (w), 780 (s), 750 (vs), 695 (s) cm-1,  lit. 990 
(vs), 980 (vs), 9 1 0  (w), 865 (w), 840 (w), 830 (w), 775 (vs), 747 (vs), 690 (vs), 630 
(s) , 622 (w) cm-1 [ 133]; 1H NMR (CDC13) :  B 6.60-6.95 (m, ethenyl-H, 4H), 7. 17-7.35 
(m, ArH and thienyl-H, 6H), 7.39-7.45 (m, thienyl-H, 2H) ppm; 13C NMR (CDC13) :  
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8 122. 1 9, 124.85, 1 26. 16, 126.29, 126.88, 1 27.45, 1 28.64, 1 29. 15 ,  1 29.30, 1 32.29, 
1 37.35, 140. 14  ppm; MS: (m/z) 45, 5 1 ,  58, 63, 77, 84, 1 02, 1 08,  1 15 ,  1 2 1 ,  1 28 ,  1 34, 
1 52, 1 65, 178, 1 84, 1 97, 2 1 2, lit. 2 1 2.3 [ 1 33). 
(E)-2-Styrylthiophene (12) 
Sodium ( 1 .42 g) was added to ethanol (20 cm3) and the solution was added to a stirred 
solution of benzyltriphenylphosphonium chloride (50.00 g, 0. 1 1 5 mol) in ethanol (50 
cm3) .  The mixture immediately turned an intense orange colour and stirring was 
continued for 10  min. 2-Thiophenecarboxaldehyde ( 1 2.94 g, 0. 1 15 mol) in ethanol (20 
cm3) was added to the mixture and stirring was continued for 24 h. The reaction 
mixture was diluted with petroleum ether, the solid collected and purified by column 
chromatography using CHC13 as the eluent. Evaporation of the solvent and a small 
addition of ether gave 12 as fine white needles ( 1 2.37 g, 58%), m.p. 106- 1 08°C, lit. 
1 1 1  oc [ 1 34]. 
Compound 12. IR (Nujol): 3 1 00 (uC-H unsat), 3060 (uC-H unsat), 3030 (uC-H 
unsat), 968 (y=CH (E)), 820 ()'C-H), 760 ()'C-H), 7 1 8  ()'C-H), 700 ()'C-H) cm-I, lit. 
948 (y=CH (E)) cm-1 [ 1 3 1 , 1 32]; 1H NMR (CDC13) :  8 6.93 (d, 1 6. 1 2  Hz, fl-ethenyl-H, 
I H), 7 .00 (dd, 3.48, 4.94 Hz, 4-thienyl-H, I H), 7.06 (m, 3 . 1 1  Hz, 3-thienyl-H, 1 H), 
7 . 1 9  (m, 5-thienyl-H, 1 H), 7.25 (m, a-ethenyl-H and 4'-PhH, 2H), 7.34 (m, 3 '-PhH, 
2H), 7.46 (m, 7.33 Hz, 3'-PhH, 2H) ppm, lit. 6.88 (d, fl-ethenyl-H, 1 H), 6 .90-7.50 (m, 
ArH, 9H) ppm [ 135] ;  ! 3C NMR (CDC13) :  8 1 2 1 .74 (a-ethenyl-C), 1 24.32 (5-thienyl­
C), 1 26. 10  (3-thienyl-C), 1 26.27 (2'-PhC), 1 27.58 (4-thienyl-C and 4'-PhC), 1 28.28 (fl­
ethenyl-C), 128.67 (3'-PhC), 1 36.90 ( 1 '-PhC), 142.85 (2'-thienyl-C) ppm; MS: (m/z) 
5 1 ,  63, 77, 92, 102, 1 15 ,  128, 1 4 1 ,  1 53,  1 7 1 ,  1 86 (M+). 
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(E)-2-(4'-Nitrostyryl)thiophene (13) 
Butyl lithium ( 10  mol dm-3 in hexane, 2.2 cm3; approx. 1 0  equiv.) was injected into dry 
hexane (5 cm3) while stirring under a nitrogen atmosphere. Diethyl 4-nitrobenzyl 
phosphonate (5.90 g, 0.022 mol) in dry ether (22 cm3) was added dropwise over a 
period of 30 min under nitrogen. A fme, slightly soluble, red precipitate was formed 
and stirring was continued for 15  min. 2-Thiophenecarboxaldehyde (2.42 g, 0.022 mol) 
in ether (22 cm3) was added in one portion. During the subsequent 1 5  min the colour 
of the reaction mixture changed from red to brown. The mixture was stirred for a 
further 1 h and poured into water (300 cm3). A large amount of brown solid 
precipitated and the ether layer was separated off. The precipitate was filtered, washed 
with water (2x200 cm3) and recrystallised from ethanol to yield a brown 
microcrystalline solid ( 1 . 17 g, 24%), m.p. 1 7 1 - 1 73°C, lit. 1 74°C [ 136] . 
Compound 13. IR (Nujol): 1 6 1 0, 1 598, 1 5 10, 1 360, 930 cm-1 , lit. 1 630 (uC=C), 1 598 
(uC=C), 1 520 (uN02 asym), 1 320 (uN02 sym), 950 (y.=CH (E)) cm-1 [ 1 36]; 1H NMR 
(CDC13) :  8 6.95 (d, 1 6. 1 2  Hz, ethenyl-H, 1 H), 7 .05 (dd, 3.66, 5 . 1 3  Hz, 4-thienyl-H, 
1 H), 7. 1 8  (d, 3 .48 Hz, 3-thienyl-H, 1 H) ,  7.30 (d, 5. 1 3  Hz, 5-thienyl-H, 1 H), 7.40 (d, 
1 6. 1 2  Hz, ethenyl-H, 1 H), 7.58 (m, 8.79 Hz, PhH, 2H), 8 .20 (m, 8 .97 Hz, PhH, 2H) 
ppm; 13C NMR (CDC13) :  8 1 24. 1 2, 1 25.52, 1 26.23, 126.58, 1 27.96, 1 28. 1 9, 141 .63, 
1 43.59, 146.50 ppm; MS: (rn/z) 1 8, 28, 45, 63, 79, 92, 1 15, 14 1 ,  1 52, 1 7 1 ,  1 84, 20 1 ,  
23 1 (M+). 
(E)-2-(4'-Aminostyryl)thiophene (14) 
A mixture of (E)-2-(4'-nitrostyryl)thiophene (13, 0.50 g, 0.002 1 6  mol), reduced iron 
powder (0.41 g, 0.00722 mol), ammonium chloride (0.29 g), ethanol ( 10.5 cm3) and 
water (0.5 cm3) was stirred under reflux for 20 h. The mixture was filtered whilst hot 
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and the fllterpad washed repeatedly with hot ethanol. The filtrate was collected and 
evaporated to dryness to yield an orange residue. TLC (petroleum ether 60-80:ethyl 
acetate, 1 : 1  vol./vol.) confirmed that the reaction had mostly gone to completion. The 
orange solid was washed repeatedly (petroleum ether 40-60:ethyl acetate, 9: 1 vol./vol.) 
to remove any residual nitro compound, confirmation of which was made by NMR. 
The precipitate was dried in vacuo to yield 14 as yellow needles (0.48 g, 93%), m.p. 
1 27°C, lit. 1 28- l 29°C [ 136] .  
Compound 14.  IR (Nujol) : 3400 (uN-H asym), 3 1 50 (uN-H sym), 1 600 (yN-H), 1380 
(uC-N) cm-1; MS: (m/z) 28, 36, 57, 78, 92, 1 00, 1 15, 1 39, 1 56, 1 67, 1 84, 201 (M+). 
( E )-2 -Styrylpyrrole ( 15) 
Benzyltriphenylphosphonium chloride (8.56 g, 0.022 mol) was added to a solution of 
sodium hydride (0.53 g, 0.0022 mol) in toluene (50 cm3) and the mixture stirred at 
1 5°C for 30 min . 2-Pyrrolecarboxaldehyde ( 1 .90 g, 0.022 mol) was added to the 
mixture and heated under reflux for 3 h. The solvent was removed in vacuo and the 
solid collected and purified by column chromatography using 
dich1oromethane:petroleum ether 60-80, 2: 1 vol./vol. as the eluent. Evaporation of the 
solvent gave 15 as fine purple needles ( 1 .2 1  g, 36%), m.p. 140°C, lit. 140- 142°C [ 1 37]. 
Compound 15. IR (Nujol): 3420 (uN-H), 1 097 , 1080, 1040, 960 (y=CH (E)), 885 
(y=CH (E)), 800 (y=CH (E)),  730 ('yC-H), 700 (yC-H) cm-1, lit. 3490, 1097, 1092, 
1032, 950, 881  cm-! [ 1 37]; 1H NMR (CDC13): () 6.25 (dd, 4-pyrryl-H, l H), 6.35 (m, 3-
pyrryl-H, l H), 6.65 (d, 1 6.5 Hz, 13-ethenyl-H, l H), 6.80 (dd, 5-pyrryl-H, 1H), 6.97 (d, 
1 6.5 Hz, a-ethenyl-H, 1H), 7.23 (m, 4'-PhH, l H), 7.32 (m, 3'-PhH, 2H), 7.43 (m, 2'­
PhH, 2H), 8 .3 1  (s, NH, l H) ppm, lit. 6.60 (d, 1 6.9 Hz, ethenyl-H, 1H), 6.90 (d, 1 6.9 
Hz, ethenyl-H, lH) ppm [ 1 38]; 13C NMR (CDC13) :  () 109. 15,  1 10.00, 1 1 8 .94, 1 1 9. 14, 
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1 23.33, 1 25.82, 1 26.94, 128.37, 1 28.66, 1 30.75, 1 37.45 ppm; MS: (m/z) 5 1 ,  63, 67, 
77, 83, 1 1 5, 1 4 1 ,  1 54, 169 (M+). 
(E)-2-(4 '  -Nitrostyryl)furan (16) 
Butyl lithium (2.5 mol dm-3 in hexane, 80 cm3) was added dropwise over a period of 30 
min to a stirred solution of 4-nitrobenzyl phosphonate (54.64 g, 0.2 mol) in dry ether 
(500 cm3) under nitrogen. A red coloured suspension was formed and stirring was 
continued for 30 min. 2-Furancarboxaldehyde ( 19.22 g, 0.2 mol) in dry ether ( 100 cm3) 
was added in one portion. The mixture was stirred for a further 60 min, during which 
time, the colour of the solution changed from red to brown. The reaction mixture was 
poured into water (500 cm3) and a large amount of brown solid precipitated. TLC 
(Si02, petroleum ether 60-80:dichloromethane, 1 : 1  vol./vol.) confirmed that the 
reaction had not gone to completion and the precipitate was dissolved in 
dichloromethane and chromatographed (Si02, petroleum ether 60-80:dichloromethane, 
1 : 1  vol./vol.). After the first fraction was separated off (identified as 2-
furancarboxaldehyde), (E)-2-(4' -nitrostyryl)furan (16) was collected as the second 
fraction and the solvent was removed in vacuo to yield dark orange plates (8.94 g, 
2 1 %), m.p. 122.5- 1 23°C. 
Compound 16. IR (Nujol): 1 5 1 0  (uN02 asym), 1 334 (uN02 sym), 1591  (uC=C), 958 
(y=CH), 835 (yC-H) cm-1 ; 1H NMR (CDC13) :  8 6.50 (s, ethenyl-H, 2H), 7. 10  (s, 3-
furyl-H and 4-furyl-H, 2H), 7.30 (s, 5-furyl-H, 1 H) ,  7.60 (d, 3 '-PhH and 5'-PhH, 2H), 
8 . 1 5  (d, 2 '-PhH and 6 ' -PhH, 2H) ppm; MS (m/z): 53, 63, 8 1 ,  89, 1 1 5, 1 28, 1 39, 1 68, 
2 1 5  (M+). 
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(E)-2-(4' -Aminostyryl)furan (17) 
Graphite (6.25 g) and hydrazine ( 1 .923 g, 0.06 mol) were added to a solution of (E)-2-
(4' -nitrostyryl)furan (16, 3.0 g, 0.01 39 mol) in ethanol (20 cm3) and stirred under reflux 
for 5 h in a reaction flask fitted with a drying tube. The reaction mixture was filtered 
and washed with hot ethanol ( 1  00 cm3) to yield a yellow/orange coloured solid. TLC 
(Si02, petroleum ether 60-80:chloroform, 1 : 1  vol./vol.) confirmed the reaction had not 
gone to completion. After the first fraction, (E)-2-(4' -nitrostyryl)furan (16), was 
separated off, (E)-2-(4'-aminostyryl)furan ( 17) was collected, the solvent removed in 
vacuo and the product recrystallised from ethanol/water, 1 : 1  vol./vol. to yield 
yellow/white plates (0.09 g, 10% ), m.p. 102- 103°C. 
Compound 17. IR (Nujol): 3433 ('uN-H), 3393 (uN-H), 33 1 8  (uN-H), 1626 ('yN-H), 
967 (y=CH), 1 600 (uC=C), 837 ()C-H) cm-1 ; 1H NMR (CDC13) :  o 3.73 (s, NH, 2H), 
6.25 (d, 3-furyl-H, l H),  6.39 (q, 4-furyl-H, 1 H) ,  6.65 (m, 1 6.21  Hz, 2 '-PhH and 6'­
PhH, 2H), 6.7 1 (d, 1 6. 3 1  Hz, a-ethenyl-H, 1H),  6.95 (d, 1 6.84 Hz, �-ethenyl-H, 1 H), 
7.28 (m, 1 6.30 Hz, 3 '-PhH and 5 '-PhH, 2H), 7.36 (d, 5. 1 3  Hz, 5-furyl-H, 1 H) ppm; 
MS (m/z): 41 , 5 1 ,  63, 77, 92, 102, 106, 1 17,  1 30, 1 56, 185  (M+). 
Azo-( E )-2 -styrylfuran (18) 
(E)-2-(4'-Nitrostyryl)furan (16, 1 .075 g, 0.005 mol) in tetrahydrofuran (50 cm3) was 
added drop wise a stirred solution of lithium aluminium hydride (0.285 g, 0.007 5 mol) in 
tetrahydrofuran (20 cm3) and stirred under reflux for 1 8  h. The reaction mixture was 
poured into water (50 cm3) and a dark brown solid precipitated, which was filtered and 
washed with ethanol. TLC (Si02, petroleum ether:dichloromethane, 1 : 1  vol./vol.) 
confirmed the reaction had gone to completion. The product was recrystallised from 
55 
ethyl acetate to yield dark brown crystals (0.30 g, 33%), m.p. 2 10-2 12°C 
(decomposes). 
Compound 18. 1H NMR (CDC13) :  8 6.43 (d, 3-furyl-H, 2H), 6.46 (q, 4-furyl-H, 2H), 
7.00 (d, 1 6.3 Hz, a-ethenyl-H, 2H), 7. 10  (d, 1 6. 1 2  Hz, �-ethenyl-H, 2H), 7.45 (d, 5. 1 3  
Hz, 5-furyl-H, 2H), 7.60 (d, 8 .42 Hz, 3'-PhH and 5 '-PhH, 4H), 7.90 (d, 8.6 1 Hz, 2'­
PhH and 6 '  -PhH, 4H) ppm; MS (m/z) : 1 15, 1 4 1 ,  1 69, 366 (M+). 
Azo-(E)-2-styrylthiophene (19) 
(EJ-2-(4'-Nitrostyryl)thiophene ( 13, 0.06 g, 0.0026 mol) was dissolved in THF (25 cm3) 
and added dropwise to a refluxing solution of lithium aluminium hydride (0.09 g) in 
THF (25 cm3). The colour of the reaction mixture turned from yellow to red and after 
the vigorous reaction had subsided, the mixture was refluxed for a further 3 h. TLC 
(Si02, petroleum ether:dichloromethane, 1 : 1  vol./vol.) confirmed the reaction had gone 
to completion. An excess of water was added to the reaction mixture and the resulting 
solid collected and washed extensively with water and ethyl acetate to yield an orange 
microcrystalline solid (0.083 g, 80% ). 
Compound 19. Compound insufficiently soluble in any solvent to obtain IH NMR and 
1 3C NMR spectra; MS: (m/z) 398 (M+). 
(E)-2-(4' -N ,N-Dimethylaminostyryl)furan (20) 
Iodomethane (0.024 g, 0. 16x 10-3 mol) and sodium bicarbonate (0.027 g, 0.32x10·3 mol) 
were added to a solution of (EJ-2-(4'-aminostyryl)furan (17, 0.01 5  g, 0.08x 10·3 mol) in 
dry N,N-dimethylformamide (0.30 cm3). The mixture was heated at 90°C while stirring 
in a reaction flask fitted with a drying tube for 3 h. After cooling, the reaction mixture 
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was poured into water (200 cm3) and the resultant precipitate filtered, washed with 
water (30 cm3) and dried in vacuo to yield a pale brown micro-crystalline solid (0.0 1 24 
g, 72. 1 %  ), m.p. 205.5-206°C. 
Compound 20. 1H NMR (CDC13) :  8 3.00 (s, N(CH3)z, 6H), 6.70 (m, a-ethenyl-H, 
1 H), 7. 1 5  (m, �-ethenyl-H, 1 H),  6.70 (m, 2 '-PhH and 6 '-PhH, 2H), 7 . 1 5  (m, 3 ' -PhH 
and 5 '  -PhH, 2H) ppm MS (rn/z): 9 1 ,  1 06, 1 4 1 ,  1 84, 1 98, 2 1 3  (M+). 
Compounds 21-25 refer to intermediates formed during electrochemical reactions (see 
Chapter Four). 
(Z )-a-Phenyl-�-( 3 -thienyl)acrylonitrile (26) 
3-Thiophenecarboxaldehyde ( 1 . 1 2  g, 0.0 1 mol) was added to a solution of benzyl 
acetonitrile ( L 17 g, 0.0 1 mol) in warm ethanol ( 1 5  cm3) in the presence of a few drops 
of 30% NaOH solution. The mixture was shaken for 1 0  min and a white solid 
precipitated, which was collected and recrystallised from ethanol to yield white needles 
(0.95 g, 45%), m.p. 65-66°C. 
Compound 26. IR (Nujol) : 3095 (uC-H), 3060 (uC-H), 3040 (uC-H), 2225 (uCN), 
9 1 5  (''(=CH), 890 ("(=CH), 795 ("(C-H), 762 ("(C-H), 695 ('YC-H), 642 ('YC-H), 6 1 5  
("(C-H) cm-1; 1 H  NMR (CDC13) :  8 7.33 (dd, 4-thienyl-H, 1 H), 7.35 (s, �-ethenyl-H, 
l H),  7.35-7.45 (m, PhH, 3H), 7.37 (dd, 5-thienyl-H, 1 H) ,  7.54 (dd, 2-thienyl-H, lH), 
7.78-7.84 (m, PhH, 2H) ppm; 13C NMR (CDC13) :  8 1 09.22 (Ca), 1 1 8.37 (CN), 1 25.52, 
1 26.72, 1 27.03, 1 28.87, 1 28.95, 1 29.79, 133.87, 1 35.47, 1 35.86 ppm; MS (rn/z): 63, 
69, 77, 89, 92, 1 1 3,  1 26, 1 39, 1 5 1 ,  1 66, 1 84, 1 96, 2 1 1 (M+). 
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(Z)-a-( 3-Thienyl)-�-phenylacrylonitrile (27) 
3-Thienylacetonitrile (1 .23 g, 0.01 mol) was added to a solution of benzaldehyde ( 1 .06 
g, 0.0 1  mol) in warm ethanol ( 1 5  cm3) in the presence of a few drops of 30% NaOH 
solution. The mixture was shaken for 1 0  min and a white solid precipitated, which was 
collected and recrystallised from ethanol to yield white plates ( 1 .50 g, 7 1 %  ), m.p. 66-
670C, lit. 69°C [ 1 39]. 
Compound 27. IR (Nujol): 3080 (uC-H), 3060 (uC-H), 3035 (uC-H), 2 1 95 (uCN), 
920 (y=CH), 890 (y=CH), 865 (y=CH), 825 (y=CH), 770 (yC-H), 745 (yC-H), 678 
(yC-H), 645 (yC-H) cm-1; IH NMR (CDC13) :  o 7.3 1 -7.49 (m, PhH, 4H), 7.58 (d, �­
ethenyl-H, l H),  7.60-7.65 (m, 4-thienyl-H and PhH, 2H), 7.78 (dd, 5-thienyl-H, 1H), 
7.95 (m, 2-thienyl-H, 1 H) ppm; 13C NMR (CDC13): 8 1 06.64 (Ca), 1 17.86 (CN), 
1 23 .66, 1 24.07 , 1 27.37 ,  1 28.89, 1 29.00, 1 30.3 1 ,  1 33.49,  1 36.42, 140.27 ppm; MS 
(m/z): 63, 79, 92, 105 ,  1 15 ,  1 27 ,  1 39, 1 5 1 ,  1 66, 1 84, 1 96, 2 1 1 (M+), lit. 1 66, 1 96, 2 1 1 
(M+), 2 1 2  ([M+1]+) [ 1 40]. 
(Z)-a-Phenyl-�-(2-thienyl)acrylonitrile (28) 
2-Thiophenecarboxaldehyde (2.24 g, 0.02 mol) was added to a solution of benzyl 
acetonitrile (2.34 g, 0.02 mol) in warm ethanol ( 1 5  cm3) in the presence of a few drops 
of 30% NaOH solution. The mixture was shaken for 10 min and a yellow solid 
precipitated, which was collected and recrystallised from ethanol to yield fine pale 
yellow needles (2.84 g, 67%), m.p. 88-90°C, lit. 89.5-90.5°C [ 141). 
Compound 28. IR (Nujol): 3065 (uC-H), 3040 (uC-H), 3000 (uC-H), 2225 (uCN), 
1 572 (uC=C), 1400, 890 ()'=CH), 865 (y=CH), 825 (y=CH), 745 (yC-H), 720 (yC-H), 
678 (yC-H) cm-1, lit. 2214  (uCN) cm-1 [ 142]; 1H NMR (CDC13): 8 7.09 (dd, 4-thienyl-
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H, 1H), 7.48 (m, 5-thienyl-H, 1H) ppm; 13C NMR (CDC13): 8 107.93 (Ca), 1 1 8. 12  
(CN), 1 25.56, 1 27.78,  1 28.87, 1 29.00, 1 30.02, 1 32.56, 1 33 .69, 1 34. 1 5 ,  1 37 .82 ppm, 
lit. 106.5 (Ca), 1 1 8. 1 (CN), 128. 1 (4-thienyl-C), 1 25.6 (2'-ArC), 129.0 (4'-ArC), 129.3 
(3'-ArC), 1 3 1 .5 (5-thienyl-C), 1 33 .6 ( 1 '-ArC), 1 34.5 (3-thienyl-C), 1 35.7 (Cp),  1 37.7 
(2-thienyl-C) ppm [ 1 43]; MS (m/z): 58, 63, 69, 77, 89, 92, 102 ,  1 13 ,  1 2 1 ,  1 26, 1 33, 
1 39, 1 5 1 ,  1 58, 1 66, 178, 1 84, 1 96, 2 1 1 (M+). 
(Z )-a-(2 -Thienyl )-f3-phenylacrylonitrile (29) 
2-Thienylacetonitrile (2.46 g, 0.02 mol) was added to a solution of benzaldehyde (2. 1 2  
g, 0.02 mol) in warm ethanol ( 1 5  cm3) in the presence of a few drops of 30% NaOH 
solution. The mixture was shaken for 10  min and a yellow solid precipitated, which 
was collected and recrystallised from ethanol to yield yellow plates (3.55 g, 84% ),  m.p. 
74-75°C, lit. 74-75°C [ 144]. 
Compound 29. IR (Nujol) : 3075 (uC-H), 3060 (uC-H), 3045 (uC-H), 2 195 (uCN), 
9 10 (y=CH), 874 ("(=CH), 840 (-y=CH), 8 1 5  ("(=CH), 745 ("(C-H), 7 1 5  ("(C-H), 700 
("(C-H), 690 ("(C-H), 675 ("(C-H) cm-1; IH NMR (CDC13): 8 7.00 (dd, 4-thienyl-H, 1 H), 
7.22 (dd, 5-thienyl-H, 1 H), 7.29 (s, f3-ethenyl-H, 1 H),  7.32 (dd, 3-thienyl-H, 1H),  7.36-
7.43 (m, PhH, 3H), 7.74-7.82 (m, PhH, 2H) ppm; 13C NMR (CDC13) :  8 1 05.85 (CJ, 
1 1 6.78 (CN), 1 26.23, 1 27. 1 1 , 1 28.0 1 ,  1 28.87, 1 29.00, 1 30.4 1 ,  1 33.20, 139.05, 1 39.41 
ppm; MS (m/z): 63, 77, 92, 105, 1 39, 1 5 1 ,  1 66, 178,  1 84, 1 96,  2 1 1 (M+), lit. 196 ,  209, 
2 1 1 (M+), 2 1 2  ([M+ I ]+) [ 1 40] . 
(Z )-a-P henyl-fj-(2 -pyrryl)acrylonitrile (30) 
2-Pyrrolecarboxaldehyde ( 1 .90 g, 0.02 mol) was added to a solution of benzyl 
acetonitrile (3.34 g, 0.02 mol) in warm ethanol ( 1 5  cm3) in the presence of a few drops 
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of 30% NaOH solution. The mixture was shaken for 1 0  min and a yellow solid 
precipitated, which was collected and recrystallised from ethanol to yield yellow needles 
(2.91  g, 75%), m.p. 96-98°C, lit. 97-98°C [ 145]. 
Compound 30. IR (Nujol): 3390 (uN-H), 3080 (uC-H), 3060 (uC-H), 2980 (uC-H), 
2205 (uCN), 900 (y=CH), 880 (y=CH), 760 (yC-H), 730 (yC-H), 690 (yC-H) cm-1 ; 
1H NMR (CDC13) :  8 6.34 (m, 4-pyrryl-H, 1 H), 6.68 (m, 3-pyrryl-H, 1 H), 7.04 (m, 5-
pyrryl-H, 1 H), 7.20-7.45 (m, PhH, 3H), 7 .53-7.58 (m, PhH, 2H), 7.56 (m, �-ethenyl-H, 
1H) ,  9.80 (s, NH, 1 H) ppm, lit. 6.30 (dd, 4-pyrryl-H, 1 H), 6.68 (m, 3-pyrryl-H, l H), 
7.00 (ddd, 5-pyrryl-H, 1 H), 7.20-7.58 (m, �-ethenyl-H and PhH, 6H), 9.95 (s, NH, 1H) 
ppm [ 1 26]; 1 3C NMR (CDC13) :  8 10 1.30, 110.77 (Ca), 1 1 9.05 (CN), 1 20.6 1 ,  1 24.02, 
1 24.95, 1 27.70, 1 28. 1 4, 1 29.04, 1 3 1 . 2 1 ,  1 33.85 ppm; MS (m/z): 63, 7 1 ,  77, 84, 97, 
1 1 5, 1 39, 1 66, 1 79, 1 94 (M+). 
(Z )-a-( 3-Thienyl )-�-styrylacrylonitrile (31)  
3-Thienylacetonitrile ( 1 .23 g,  0.01 mol) was added to  a solution of (E)-cinnamaldehyde 
( 1 .32 g, 0.01 mol) in warm ethanol ( 1 5  cm3) in the presence of a few drops of 30% 
NaOH solution. The mixture was shaken for 10  min and a yellow solid precipitated, 
which was collected and recrystallised from ethanol to yield fine yellow needles ( 1 .32 g, 
56%), m.p. 1 10- 1 1 1  °C, lit. 1 15°C [ 139]. 
Compound 31.  IR (Nujol) : 3 1 15 (uC-H), 3070 (uC-H), 2225 (uCN), 1 6 10 (uC=C), 
1 570 (uC=C), 1 1 80, 990 (y=CH), 970 (y=CH), 880 (y=CH), 850 (y=CH), 785 (yC-H), 
758 (yC-H), 690 (yC-H), 657 (yC-H) cm-1;  1H NMR (CDC13): 8 6.95 (d, 8-ethenyl-H, 
lH) ,  7.23 (d, y-ethenyl-H, l H), 7.27 (dd, PhH, 2H), 7.28 (d, �-ethenyl-H, 1H), 7.34 
(dd, 4-thienyl-H, lH), 7.37 (dd, 5-thienyl-H, 1 H), 7.48-7.54 (m, PhH, 2H), 7.50 (dd, 2-
thienyl-H, l H) ppm; 1 3C NMR (CDC13): 8 1 08.29 (Ca), 1 1 6.9 1  (CN), 1 23.87, 124.77, 
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127.40, 1 28.87, 129.41 ,  1 35.65, 1 35.73, 140.34, 140.52 ppm; MS (m/z): 5 1 ,  63, 77, 
9 1 ,  105, 1 1 5, 1 39, 1 53, 1 60, 1 65, 177, 1 90, 2 1 0, 222, 237 (M+). 
(Z)-a-(2 -Thienyl)-�-styrylacrylonitrile (32) 
2-Thienylacetonitrile ( 1 .23 g, 0.0 1 mol) was added to a solution of (E)-cinnamaldehyde 
(1 .32 g, 0.01 mol) in warm ethanol ( 1 5  crn3) in the presence of a few drops of 30% 
NaOH solution. The mixture was shaken for 1 0  rnin and a yellow solid precipitated, 
which was collected and recrystallised from ethanol to yield fine yellow needles ( 1 . 9 1  g, 
8 1 %), m.p. 102- 103°C. 
Compound 32. IR (Nujol): 3 1 00 (uC-H),  3060 (uC-H), 3020 (uC-H), 2225 (uCN), 
1 6 1 0  (uC=C), 1 570 (uC=C), 1 2 1 5, 968 (y=CH), 845 (y=CH), 755 (yC-H), 7 1 5  (yC-H), 
690 (yC-H) cm-1;  1H NMR (CDC13) :  8 6.88 (d, 8-ethenyl-H, l H), 6.99 (dd, 4-thienyl-H, 
l H), 7. 12  (d, y-ethenyl-H, 1H), 7.20 (d, �-ethenyl-H, l H), 7.22 (dd, 5-thienyl-H, l H), 
7.26 (dd, 3-thienyl-H, 1 H) ,  7.28-7.37 (m, PhH, 3H), 7.44-7.49 (m, PhH, 2H) ppm; 
13C NMR (CDC13): 8 107.44 (Cu), 1 1 5.84 (CN), 1 24.40, 1 26.23,  1 26.90, 1 27.42, 
1 28.09, 1 28.86, 1 29.44, 1 35.63, 1 38.30, 1 39.64, 1 40.63 ppm; MS (m/z): 5 1 ,  58, 63, 
77, 9 1 ,  105, 1 1 5, 1 27, 1 39, 153, 1 60, 1 65, 177, 1 90, 204, 2 1 0, 222, 237 (M+). 
(Z)-1 ,4-Diphenyl-1 -cyano-(E)-3-butadiene (33) 
( E )-Cinnamaldehyde (1 0. 17 g, 0.077 mol) was added to a solution of benzyl acetonitrile 
(9.00 g, 0.077 mol) in warm ethanol ( 1 5  crn3) in the presence of a few drops of 30% 
NaOH solution. The mixture was shaken for 10  rnin and a yellow solid precipitated, 
which was collected and recrystallised from ethanol to yield yellow needles ( 14. 10 g, 
79%), m.p. 1 17- l l 9°C, lit. 1 1 8°C [ 146]. 
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Compound 33. IR (Nujol) : 3060 (uC-H), 3030 (uC-H), 2220 (uCN), 1 6 10 (uC=C), 
1 580 (uC=C), 970 (-y=CH), 960 (-y=CH), 765 (-yC-H) , 697 (-yC-H), 687 (-yC-H) cm-1 ;  
1H NMR (CDC13) :  8 6.99 (dt, �-ethenyl-H, 1 4.5 Hz and 6.8 Hz, 1 H), 7 .29-7.44 (m, 
PhH and ethenyl-H, 8H), 7.53 (m, 2 '-PhH and 6'-PhH, 2H) and 7.6 1 (m, 2-PhH and 6-
PhH, 2H) ppm, lit. (C6D6): 6.52 (H3, 12,3=15 Hz), 6.69 (H1 , 11 ,2= 1 2  Hz) ppm [ 146]; 
1 3C NMR (CDC13): 8 1 13 .02 (C(l), 1 1 6.92 (CN), 1 25.03, 1 25.52, 1 27.46, 1 28 .85, 
129.00, 1 29.03, 1 29.49, 1 33. 1 1 , 1 35.65, 14 1 .20, 14 1 .53 ppm; MS (m/z): 5 1 ,  63, 77, 
9 1 ,  102, 1 15, 1 27, 140, 1 53, 1 65, 1 78,  1 90, 203 , 2 1 6, 23 1 (M+), lit. 23 1 (M+) [ 1 46] . 
(Z )-a, �-Di-( 3 -thienyl )acrylonitrile (34) 
3-Thiophenecarboxaldehyde ( 1 . 12 g, 0.01 mol) was added to a solution of 3-
thienylacetonitrile ( 1 .23 g, 0.0 1 mol) in warm ethanol ( 1 5  cm3) in the presence of a few 
drops of 30% NaOH solution. The mixture was shaken for 10  min and a white solid 
precipitated, which was collected and recrystallised from ethanol to yield white needles 
( 1 .24 g, 57%), m.p. 73-75°C, lit. 75°C [ 1 39]. 
Compound 34. IR (Nujol): 3075 (uC-H), 3040 (uC-H), 2 1 95 (uCN), 1 585 (uC=C), 
945 ("(=CH), 880 (-y=CH), 825 ("(=CH), 770 (-yC-H), 675 (-yC-H), 640 ('YC-H), 620 
(-yC-H) cm-1 ;  1H NMR (CDC13) :  8 7.3 1 (dd, 4'-thienyl-H, lH), 7.35-7.40 (m, 4-thienyl­
H and 5'-thienyl-H, 2H), 7.43 (s, �-ethenyl-H, 1 H), 7.53 (dd, 2'-thienyl-H, 1 H), 7.73 
(m, 5-thienyl-H, I H), 7.87 (m, 2-thienyl-H, 1 H) ppm; 13C NMR (CDC13): c 105. 12  
(Cu), 1 1 8.32 (CN), 1 23.22, 1 29.94, 126.70, 127. 1 1 ,  1 27.37, 1 28.97, 1 33 .74, 1 35.80, 
1 36. 1 9  ppm; MS (m/z): 5 1 ,  58, 69, 75, 82, 88, 95, 1 14, 1 28,  1 45,  1 59, 1 72, 1 83, 1 90, 
202, 2 1 7  (M+). 
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(Z)-a-( 3-Thienyl )-�-(2 '-thienyl)acrylonitrile (35) 
2-Thiophenecarboxaldehyde ( 1 . 1 2  g, 0.0 1 mol) was added to a solution of 3-
thienylacetonitrile ( 1 .23 g, 0.01 mol) in warm ethanol ( 1 5  cm3) in the presence of a few 
drops of 30% NaOH solution. The mixture was shaken for 10  min and a yellow solid 
precipitated, which was collected and recrystallised from ethanol to yield yellow needles 
( 1 .55 g, 7 1 %), m.p. 98- 100°C, lit. 99°C [ 1 39] .  
Compound 35. IR (Nujol): 3065 (uC-H), 3060 (uC-H), 3040 (uC-H), 3025 (uC-H), 
2 1 80 (uCN), 1 573 (uC=C), 1042 (-y=CH), 890 (-y=CH), 845 (-y=CH), 745 (-yC-H), 7 1 8  
(-yC-H), 678 (-yC-H), 645 (-yC-H), 620 (-yC-H) cm-1 ; lH NMR (CDC13) :  8 7.09 (dd, 4-
thienyl-H, I H), 7.28 (dd, 5'-thieny1-H, 1 H), 7.34 (dd, 4'-thienyl-H, 1 H), 7.45-7.49 (m, 
3-thienyl-H and 5-thienyl-H, 2H), 7 .5 1 (s, �-ethenyl-H, 1 H), 7 .57 (d, 2'-thienyl-H, 1H) 
ppm; 13C NMR (CDC13): 8 1 03.49 (Cu), 1 17. 99 (CN), 1 23. 1 1 ,  1 23.87, 127.40, 127.79, 
1 29.67, 1 3 1 .99, 1 32.68, 1 35.86, 1 37.6 1 ppm; MS (m/z): 5 1 ,  58, 63, 69, 75, 82, 95, 
1 14, 128, 140, 145, 1 59, 1 72, 1 84, 1 90, 2 1 7  (M+). 
(Z )-a-(2-Thienyl )-�-( 3 '-thienyl )acrylonitrile (36) 
3-Thiophenecarboxaldehyde (2.24 g, 0.02 mol) was added to a solution of 2-
thienylacetonitrile (2.46 g, 0.02 mol) in warm ethanol ( 1 5  cm3) in the presence of a few 
drops of 30% NaOH solution. The mixture was shaken for 1 0  min and a yellow solid 
precipitated, which was collected and recrystallised from ethanol to yield yellow plates 
(3.45 g, 79%), m.p. 92-93°C. 
Compound 36. IR (Nujol): 3075 (uC-H), 2 1 95 (uCN), 1 575 (uC=C), 970 (-y=CH), 
965 (-y=CH), 900 (y=CH), 875 (y=CH), 8 1 5  (y=CH), 8 1 0  (y=CH), 765 (yC-H), 708 
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()'C-H), 700 ()'C-H), 6 1 5  ()'C-H) cm-1; 1H NMR (CDC13) :  8 7.00 (dd, 4'-thienyl-H, l H), 
7.22 (dd, 5'-thienyl-H, l H), 7.29 (dd, 3'-thienyl-H, l H), 7.3 1 (s, �-ethenyl-H, l H), 7.33 
(m, 4-thienyl-H, 1H), 7.69 (m, 5-thienyl-H, 1H), 7.82 (m, 2-thienyl-H, l H) ppm; 
1 3C NMR (CDC13): 8 104.30 (Ca), 1 17 . 1 9  (CN), 1 25.85, 1 26.70, 1 26.76, 1 26.93, 
1 28.0 1 ,  129. 1 8 , 1 32.97, 1 35.50, 1 38.77 ppm; MS (m/z): 5 1 ,  58, 69, 75, 82, 95, 102, 
108, 1 14, 1 28, 145, 1 59, 172, 1 84, 1 90, 202, 2 1 7  (M+). 
(Z )-a, �-Di-(2 -thienyl )acrylonitrile (37) 
2-Thiophenecarboxaldehyde (2.24 g, 0.02 mol) was added to a solution of 2-
thienylacetonitrile (2.46 g, 0.02 mol) in warm ethanol ( 1 5  cm3) in the presence of a few 
drops of 30% NaOH solution. The mixture was shaken for 1 0  min and a yellow solid 
precipitated, which was collected and recrystallised from ethanol to yield yellow needles 
(3.73 g, 86%), m.p. 128-1 30°C, lit. 1 29.5- 1 30.5°C [ 14 1 ]. 
Compound 37. IR (Nujol) : 3075 (uC-H), 3060 ('uC-H), 2 1 95 (uCN), 1 570 ('uC=C), 
875 ()I=CH), 850 ()I=CH), 8 1 8  (')'=CH),740 ()'C-H), 725 ()'C-H), 7 1 8  ()'C-H), 703 
()IC-H), 695 ()IC-H) cm-1, lit. 2220 (uCN), 1 580 (uC=C) cm-1 [ 147] ; 1H NMR (CDC13): 
8 7.05 (dd, 4-thienyl-H, lH), 7. 1 3  (dd, 4'-thienyl-H, I H), 7.27 (m, 3-thienyl-H, l H), 
7.32 (dd, 3'-thienyl-H, l H), 7 .47 (s, �-ethenyl-H, l H), 7 .52 (m, 5-thienyl-H, IH), 7.60 
(m, 5'-thienyl-H, l H) ppm; 1 3C NMR (CDC13) :  8 103.06 (Ca), 1 1 6.96 (CN), 125.93, 
1 26.9 1 ,  1 27.9 1 ,  1 28. 17 ,  1 29.95, 1 32.04, 1 32. 12 ,  1 37.5 1 ,  138.67 ppm; MS (m/z): 58, 
69, 82, 95, 1 08, 140, 1 59, 172, 1 90, 2 1 7  (M+). 
(Z )-a-(2-Thienyl )-�-(2 '-pyrryl )acrylonitrile (38) 
2-Pyrrolecarboxaldehyde ( 1 .90 g, 0.02 mol) was added to a solution of 2-
thienylacetonitrile (2.46 g, 0.02 mol) in warm ethanol ( 1 5  cm3) in the presence of a few 
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drops of 30% NaOH solution. The mixture was shaken for 1 0  min and a yellow solid 
precipitated, which was collected and recrystallised from ethanol to yield yellow plates 
(3.4 g, 85%), m.p. 86-88°C. 
Compound 38. IR (Nujol) : 3780 (uNH), (uC-H), 3 1 20 (uC-H), 3095 (uC-H), 3070 
(uC-H), 2225 (uCN), 1 602 (uC=C), 14 10 ,  1 125 (-y=CH), 1 038 (-y=CH), 972 (-y=CH), 
890 (-y=CH), 750 (-yC-H), 740 (-yC-H) ,  7 1 5  (-yC-H), 700 ('yC-H) cm·1 ; 1H NMR 
(CDC13) :  c 6.33 (m, 4-pyrryl-H, l H),  6.67 (m, 3-pyrryl-H, l H),  7.0 1 (dd, 4'-thienyl-H, 
1 H),  7.03 (m, 5-pyrry1-H, 1 H),  7. 1 8-7.24 (m, �-ethenyl-H, 3'-thienyl-H and 5'-thienyl­
H, 3H) ppm; 13C NMR (CDC13) :  c 96.49, 1 10.92 (CJ, 1 1 8.73 (CN), 1 19.25, 124. 12, 
1 24.76, 1 25. 1 8 ,  1 27.27, 1 28 .02, 1 29.5 1 ,  1 38 .79 ppm; MS (m/z): 5 1 ,  58 ,  63, 69, 78, 82, 
87, 1 02, 1 1 5, 1 28,  1 40, 1 45,  1 55 ,  1 60, 1 67 ,  1 72, 1 85, 1 99 ([M- 1 ]+),  200 (M+). 
(Z)-a-(2-Thienyl)-�-(2 '-furyl)acrylonitrile (39) 
2-Furancarboxaldehyde ( 1 . 92 g, 0.02 mol) was added to a solution of 2-
thienylacetonitrile (2.46 g, 0.02 mol) in warm ethanol ( 1 5  cm3) in the presence of a few 
drops of 30% NaOH solution. The mixture was shaken for 1 0  min and a yellow solid 
precipitated, which was collected and recrystallised from ethanol to yield yellow needles 
( 1 . 13 g, 30%), m.p. 76-78°C, lit. 79°C [ 1 25] .  
Compound 39. IR (Nujol): 3 1 50 (uC-H), 3090 (uC-H), 2225 (uCN), 1 605 (uC=C), 
1 1 50 (y=CH), 990 (y=CH), 750 (yC-H), 708 (yC-H), 702 (yC-H) cm-1 ; 1H NMR 
(CDC13) :  c 6.55 (m, 4-furyl-H, 1 H),  7.04 (dd, 4'-thieny1-H, 1 H), 7.08 (d, 5-furyl-H, 
1 H),  7. 17 (s, �-ethenyl-H, 1 H), 7.27 (dd, 5'-thienyl-H, 1 H), 7.33 (dd, 3'-thienyl-H, 1 H),  
7.58 (dd, 3-furyl-H, 1 H) ppm; 13C NMR (CDC13) :  c 102.36 (Ca), 1 1 2.85, 1 15.22, 
1 1 6.36 (CN), 125 .72, 126.08, 1 27.01 ,  1 28.20, 138.66, 144.95, 149.62 ppm; MS (m/z): 
5 1 ,  58,  63, 69, 75, 82, 88, 94, 102, 1 14, 128, 140, 146, 1 56, 172, 20 1 (M+). 
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1 ,1 ',1 ",] "' -Silanetetrayltetrakis-1 H -pyrrole ( 40) 
Potassium ( 1 .07 g, 0.027 mol) was cautiously added to a stirred solution of pyrrole ( 1 .9 
cm3 , 0.027 mol) in petroleum ether 40-60 under a nitrogen blanket. The mixture was 
slowly warmed to 65°C to melt any unreacted potassium. The solution was cooled to 
ooc and a white precipitate of N-potassium pyrrole was fanned. This solid was filtered 
off, washed with petroleum ether 40-60 (40 cm3) and dried in vacuo to yield N­
potassium pyrrole (2.23 g, 0.02 1 mol, 94%) .  All of this compound was suspended in 
petroleum ether 40-60 (40 cm3) under nitrogen and cooled to 0°C. Silicon tetrachloride 
(0.78 cm3, 0.0068 mol) in petroleum ether (7 cm3) was slowly added to the stirring 
mixture over a 20 min period. Stirring was continued for a further 2 h and the product 
was recovered by Sohxlet extraction using petroleum ether 40-60 as solvent. 
1 ,  1 ' ,  1 ", 1 "'-Silanetetrayltetrakis-1 H -pyrrole ( 40) was recrystallised from petroleum ether 
40-60 to yield fine colourless needles (0.44 g, 28% ). 
Compound 40. 1H NMR (CDC13) :  8 6.32 (m, 3-pyrryl-H, 8H), 6.68 (m, 2-pyrryl-H, 
8H) ppm; MS (m/z): 67 ((C4H4N)+),  80, 94 ((C4H4N)Si+) ,  106, 1 32, 146, 1 59 
((C4H4N)2Si+),  17 1 , 199, 226 ((C4H4N)3Si
+) ,  25 1 , 265, 292 (M+) .  
66 
2.1.5 Chemical polymerisation experiments 
2.1.5.1 Chemical polymerisation of (E)-2-styrylthiophene ( 12) 
A solution of (E)-2-styrylthiophene (12, 1 .00 g) in dichloromethane (50 cm3) was 
added to a stirred solution of FeC13 ( 1 .00 g) in dichloromethane (50 cm3) under 
nitrogen. The mixture was stirred under a nitrogen atmosphere for 26 h, after which 
time, a mass of black solid had precipitated. The reaction mixture was washed with 
water (2x 100 cm3) to remove excess FeC13 and dried in vacuo. The residue was 
washed with dichloromethane (2x50 cm3) to remove soluble organic material and dried 
in vacuo to yield a black gritty powder, 0.78 g. 
2.1.5.2 Chemical polymerisation of (E)-2-(4'-nitrostyryl)furan (16) 
A solution of ( E )-2-( 4'-nitrostyryl)furan (16, 0 . 10  g) in acetonitrile ( 1  0 cm3) was added 
to a stirred solution of FeC13 (0.50 g) in acetonitrile (5 cm
3) under nitrogen. The 
mixture was stirred under a nitrogen atmosphere for 70 h, after which time no 
polymeric material was formed. 
2.1.5.3 Chemical polymerisation of (E)-2-(4'-aminostyryl)furan (17) 
A solution of (E)-2-(4'-aminostyryl)furan (17, 0. 10  g) in acetonitrile ( 10  cm3) was 
added to a stirred solution of FeC13 (0.50 g) in acetonitrile (5 cm3) under nitrogen. The 
mixture was stirred under a nitrogen atmosphere for 70 h, after which time, a mass of 
black solid had precipitated. The reaction mixture was washed with water (2x100 cm3) 
to remove excess FeC13 and dried in vacuo. The residue was washed with acetonitrile 
(2x50 cm3) to remove soluble organic material and dried in vacuo to yield a black gritty 
powder. 
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2.1.5.4 Chemical polymerisation of azo-(E)-2-styrylfuran (18) 
A solution of azo-(E)-2-styrylfuran (18, 0. 1 0  g) in acetonitrile ( 1 0  cm3) was added to a 
stirred solution of FeC13 (0.50 g) in acetonitrile (5 cm3) under nitrogen. The mixture 
was stirred under a nitrogen atmosphere for 70 h, after which time no polymeric 
material was formed. 
2.1.5.5 Chemical polymerisation of (E)-2-(4'-N,N-dimethylaminostyryl)furan (20) 
An aqueous solution of FeC13 was added dropwise to a small quantity of (E)-2-(4'-N,N­
dimethylaminostyryl)furan (20) in diethyl ether (2 cm3). After vigorous agitation, a 
dark polymeric material was formed at the ether/water interface. The reaction mixture 
was washed with copious amounts of ethanol/water, 1 :  1 are dried in vacuo to yield a 
black powder. 
2.1.5.6 Chemical polymerisation of 1,1 ' ,1 ",1 " '-silanetetrayltetrakis-JH-pyrrole 
(40) 
Copper (11) bromide (0.30 g, 1 .3xl0-3 mol) in dichloromethane/acetonitrile 5: 1 vol./vol. 
( 1 2  cm3) was added to a solution of 1 , 1', 1 ", 1 "'-silanetetrayltetrakis-JH-pyrrole (40) 
(0. 1 0  g, 0.3x 1 0-3 mol) in dichloromethane ( 1 5  cm3) and the mixture stirred rapidly for 
70 min. A black precipitate was formed which was collected and Sohxlet extracted 
with acetonitrile for 7 h and dried in vacuo to yield a black powder [ 1 48]. 
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2.2 Electrochemical experiments 
2.2.1 Reagents 
Acetonitrile (Aldrich, HPLC grade) was distilled over P205 and stored over alumina 
(Woelm N-Super 1 ). Dichloromethane (Fisons, AR grade),  propylene carbonate 
(Aldrich, 99%) and nitrobenzene (Aldrich, 99% ) ,  tetrabutylammonium 
tetrafluoroborate (TBABF4) ,  tetrabutylammonium para-toluene sulphonate (TBApTS), 
tetrabutylammonium hexafluorophosphate (TBAPF6) ,  tetrabutylammonium perchlorate 
(TBAC104) (Fluka, puriss grade), sodium perchlorate (Fisons, AR grade) and lithium 
perchlorate (BDH, ACS grade), thiophene (Aldrich, Gold Label 99%+), 2,5-
dimethylthiophene (AR grade, Aldrich) were used as received. Pyrrole (Aldrich, AR 
grade) was redistilled immediately prior to use and stored under a nitrogen atmosphere 
at -20°C. 
2.2.2 Electrochemical studies 
Electrochemical studies were performed in a three-compartment divided cell (Fig. 2.2). 
Platinum (disc area 0.385 cm2) and indium-tin oxide coated ITO glass (thickness 100 
nm, resistivity <20 Q cm-2, Balzers High Vacuum Ltd., Milton Keynes, UK) were used 
as working electrodes. The platinum electrode was polished prior to use with alumina 
(0.3 �-tm) .  Platinum gauze was used as the counter electrode. All potentials were 
measured against an Ag/AgN03 reference electrode, consisting of a silver wire 
immersed in a solution of acetonitrile containing silver nitrate (0.0 1 mol dm-3) and 
TBABF4 (0. 1  mol dm-3). This solution was separated from the surrounding electrolyte 
by a glass frit. 
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Fig. 2.2 Schematic of the three compartment divided cell used for electrochemical 
studies. 
A Hi-Tek DT 2 1 0 1  Potentiostat coupled to a Hi-Tek PPRl Wave Form Generator was 
used to generate the electrochemical signals. Output was recorded on a Lloyd PL3 
XY t recorder. Charge passed during the experiments was measured with a Hi-Tek 
integrator. 
Various potentiodynamic and galvanostatic techniques were used to study the 
electrochemical behaviour of all the monomers. All solutions were freshly prepared and 
degassed with nitrogen for 1 5  min prior to each experiment. For cyclic voltammetry 
experiments, the monomer together with the supporting electrolyte, e.g. a quaternary 
ammonium salt, was dissolved in acetonitrile and the potential cycled, typically from 0 
to about 2 V versus Ag/Ag+ and the current monitored as a function of the applied 
potential. Films were grown from the same electrolyte compositions under constant 
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current conditions, typically by passing currents in the range of 0.2 to 20 mA cm-2 for 
between 10  min to 5 h using a two electrode system and monitoring the potential as a 
function of time. Potentiostatic experiments were performed by pulsing the systems at 
a variety of potentials (Ei = 0; Ef = 200 to 5000 m V versus Ag/Ag+) and studying the 
resultant chronoamperograms. 
TBABF4 or LiC104 (0. 1 mol dm-3) was used as supporting electrolyte for the majority 
of experiments, although TBApTS, TBAPF6, TBAC104 and NaC104 were used to 
further investigate electrochemical behaviour. Polymer redox behaviour was evaluated 
by cycling the films in similar electrolytes, but in the absence of any monomer. 
In some experiments, the electrolyte was analysed by electron impact mass 
spectrometry using a JOEL JMS-DX 303 spectrometer, operating at an ionisation 
potential of 70 eV. 
2.3 Film characterisation 
Thin films were grown on ITO glass by potential cycling between 0 and 2 1 00 m V at a 
sweep rate of 5 mV s-1 in a solution of the monomer (0.005 mol dm-3) in acetonitrile 
containing LiC104 (0. 1 mol dm-3). A total of 1 .5 cycles were carried out, with 
termination of the fmal cycle at 2 1 00 m V to ensure full doping of the film. The 
nucleation and growth behaviour of polymers was investigated by applying a pulse from 
0 to 2 1 00 m V for a known time interval and measuring the charge passed. Supporting 
electrolyte was removed from film surfaces by extensive rinsing with acetonitrile and 
the films subsequently dried under a nitrogen stream. 
Samples were examined under a Vickers M41 Photoplan optical microscope and a 
JEOL JSM-35C scanning electron microscope (SEM). Films were gold sputtered for 
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SEM observation and film thickness measurements were made by viewing a cross­
section of the film/substrate interface. Topological studies of polymers were also 
performed using Atomic Force Microscopy, AFM (Topometrix TMX2000 Scanning 
Probe Microscope, J. K. Instruments, Saffron W aldon, Essex, UK). Images were 
obtained in contact mode using a 7 �m scanner under normal atmospheric conditions. 
Standard profile silicon nitride tips were used and images were recorded on a display 
with a digital scan of 400 lines per picture. Optimal imaging parameters were obtained 
using a scan range of 7000 nm and a scan rate of 50000 nm s-1 •  Images were levelled 
using digital filtration and shaded to highlight topological features. 
Conductivity measurements were performed by applying a known current through the 
film thickness and measuring the resulting potential across the film. In these 
experiments, a mercury drop of known area was used as a contact to the film surface 
(Fig. 2.3). Electrical conductivities of chemically synthesised polymers were measured 
on pressed pellets (5 tons) using the four-point-probe technique under de conditions. 
X-Ray Photoelectron Spectroscopy (XPS) studies were obtained using a VG Scientific 
ESCALAB Mk. II instrument. Lineshape analysis was performed on each peak in an 
attempt to resolve the broad signals. AI Ka radiation ( 1 486.7 eV) was used as the X­
ray source. Binding energies were adjusted so that the main C( l s) peak occurred at 
285.00 eV and atomic percentages were calculated from the peak areas using standard 
atomic sensitivity factors [ 149] . The atomic percentage for the Cl signal was calculated 
by overlapping the Cl(2p312) and CI(2p112) peak areas, although binding energies refer to 
the Cl(2p312) peak. For comparative purposes, XPS studies of polypyrrole and 
polythiophene were carried out. 
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Fig. 2.3 Experimental arrangement used to measure the electrical conductivities of thin 
electrodeposited films. 
FT-IR spectra of electrochemically formed films and chemically synthesised polymers 
were recorded on a Nicolet Impact 400 spectrometer with an analytical plan IR 
microscope. Electrodeposited films were mechanically removed from ITO substrates 
prior to analysis and all polymers were analysed on barium fluoride disks using a liquid 
nitrogen cooled mercury-cadmium-tellurium (MCT) detector. Photoacoustic-IR 
spectra were obtained in a similar manner using a Nicolet Mayne 550 spectrometer. 
l3C Cross-Polarisation Magic Angle Spinning (CPMAS) NMR spectra were recorded 
using a Varian VXR-300 spectrometer and a 7 mm Doty Scientific MAS probe (and 
zirconia rotor), operating at 75.43 1 MHz [ 1 50]. A cross-polarisation experiment was 
performed and high-power proton decoupling was used during data acquisition. The 
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spectra were recorded using a sample spin-rate of 4.5 kHz, a relaxation delay of 1 s and 
a contact time of 0.5 ms for 2400 repetitions. A proton coupling dephasing experiment 
was performed with a 40 J..lS dephasing delay. 
2.4 Molecular modelling studies 
Density Functional Theory (DFT) calculations were performed using the program 
DMoFR.J (Version 2.3 .5) [ 1 5 1 , 1 52] on a Silicon Graphics Indigo II® workstation. A 
double numeric basis set with polarisation functions (DNP) was used, incorporating a 
total of 4282 points in the numerical integration procedure. In order to keep 
computational time to a minimum, no geometry optimisations were performed in the 
DFT calculations and the atomic positions were held fixed at positions determined by a 
molecular mechanics approach using the CVFF forcefield in the program Discover® 
[ 153] .  All the molecules investigated adopted planar configurations. 
2.5 Enzyme-polymer immobilisation experiments 
2.5.1 Preparation of RNA/DNA hybrids 
Attempts were made to synthesise RNA/DNA hybrid molecules to which the RT 
enzymes were still attached. In order to achieve this, several experiments were carried 
out over different incubation periods. In these experiments, the first strand reverse 
transcription reaction was initiated and then terminated after a short incubation time in 
order to ensure that only a section of the RNA would be transcribed. 
It was important to stop the polymerase reaction before complete synthesis of the 
RNA/DNA hybrid, because when this occurs, the RT will detach itself from the strand. 
Therefore, these experiments were devised so that the AMY RT should, ideally, remain 
attached to the RNA strand. 
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Little data is available concerning the processivity value (number of nucleotide residues 
incorporated per second) of RT enzymes, although an incubation time of 60 min at 
42°C has been recommended for complete transcription of the first strand of a control 
RNA consisting of 1000 base pairs [ 1 54] . However, in the case of the AMV viral 
polymerase, nucleotide addition rates of 22-30 s-1 were observed at 37.0°C [ 1 55]. In 
this study, we assumed a reverse transcription rate of approximately 25 bases per 
second at 20.0°C. 
2.5.1.1  Reagents 
A cDNA Synthesis Kit (cat. no. 1 1 17 83 1 ), obtained from Boehringer Mannheim 
Biochemica (Mannheim, Germany), was used to prepare the RNA/DNA hybrids. For 
first strand synthesis, the following solutions of the kit were used: (1) buffer containing 
0.25 mol dm-3 Tris.HCl (pH 8.5 at 25°C), 0.04 mol dm-3 MgC12, 0. 1 5  mol dm-3 KCl and 
0.005 mol dm-3 dithiothreitol; (2) deoxynucleotide mixture containing 0.01 mol dm-3 
each of dATP, dCTP, dGTP and dTTP; (3) primer pd(T)15 (0.5 A260 units primer 
(dT)15/ 25 J..tl); (4) AMV reverse transcriptase (20 units J..tl-1 ) and (5) control RNA (neo 
pa, 0.2 J.lg J..tl-1). The control RNA consisted of 1 000 base pairs and contained no long 
terminal repeats (LTRs) [ 1 56]. (In these experiments, second strand DNA synthesis 
was not required and so the remaining solutions were not used. The numbering system 
for these solutions should not be confused with those for the organic compounds listed 
in section 2. 1 .4). 
Water used for dilution purposes was RNase free (Sigma, St. Louis, USA). A 32p_ 
labelled dA TP solution was prepared by diluting the stock solution with RNase free 
water by a factor of 1 00. A Tris borate-EDT A solution (TBE) was prepared containing 
0. 1 mol dm-3 Tris [hydroxymethyl]aminoethane (Sigma, AR grade), 0.01 mol dm-3 boric 
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acid (Life Technologies, UK, AR grade) and 0.002 mol dm-3 EDTA (Sigma, AR grade) 
with dilutions made using RNase free water. Agarose (Bio-Rad Laboratories, UK) was 
used to prepare gels for electrophoresis. 
EDT A solution (0.5 mol dm-3) was prepared containing diethyl pyrocarbonate (DEPC, 
an RNase inhibitor, 0.001 mol dm-3) in triply distilled water and the pH of this was 
raised to pH 1 0  by the addition of sodium hydroxide pellets (BDH, AR grade) to 
dissolve all the EDT A. This solution was autoclaved immediately prior to use, ensuring 
the absence of any RNase activity. 
2.5.1.2 Precautions 
RNase free gloves (PitBros, Essex, UK) were used throughout experimental 
procedures. Finipipette tips (Life Sciences International, Basingstoke, UK) and 
eppendorf tubes (Greiner Labortechnik ltd.,  UK) were autoclaved prior to use. 
Samples were kept on ice during the experimental procedures. 
2.5.1.3 Experiments to estimate incubation conditions required for RNA/DNA 
hybrid synthesis 
RT is known to be a less efficient enzyme than DNA polymerase. Therefore, to ensure 
a satisfactory rate of nucleotide addition to the RNA single strand, preliminary 
experiments were carried out to determine the processivity value of the AMY RT. 
Seven separate solutions were prepared, using the quantities shown in Table 2. 1 ,  and 
the following procedure. Samples of 1 (4 �-tl), 2 0 �-tl), 3 0 �-tl), 4 0 �-tl), 5 0 �-tl), 32p_ 
labelled dA TP ( 1 �-tl) and RNase free water ( 1 1  J.Ll) were transferred to an eppendorf 
tube in such a way as to keep each component separate. This was done by depositing 
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each solution onto a separate area in the tube. Each tube was then centrifuged for 
approximately 20 s to ensure complete mixing of all the individual components. Three 
of the tubes were placed in a water bath at 37 .0°C and the remaining four tubes in a 
water bath at 22.5°C for the times prescribed in Table 2.2. A marker solution was 
prepared containing 32P-labelled dA TP ( 1  �1) and RNase free water ( 19  �1). A 
bromophenol blue dye solution was prepared containing bromophenol blue, picole, 
EDTA and xylene cyanole FF. 
Table 2. 1 Quantities of reagents used to prepare RNA/DNA hybrids for studies on the 
effect of incubation conditions on the rate of the reverse transcription reaction. 
Solution number Sample Volume (�1) 
1 buffer solution 4.0 
2 deoxynucleotide mixture 1 .0 
3 primer pd(T)Js  1 .0 
4 AMV RT 1 .0 
5 control RNA 1 .0 
water (RN ase free) 1 1 .0 
Table 2.2 Reaction conditions used to investigate the effect of incubation conditions on 
the reverse transcription reaction. 
Solution 
A 
B 
c 
D 
E 
F 
G 
Incubation temperature 
(OC) 
37.0 
37.0 
37.0 
22.5 
22.5 
22.5 
22.5 
77 
Incubation time 
(min) 
1 .0 
2.0 
5.0 
0.5 
1 .0 
2.0 
5.0 
After incubation, the reaction was stopped by the addition of Tris borate-EDTA buffer 
(2 �-tl). Deionised formamide ( 1 0  �-tl), formaldehyde (3.5 �-tl) , 1 mol dm-3 sodium 
phosphate buffer ( 1  �-tl) and bromophenol blue dye ( 1  �-tl) were added to each of the 
eppendorf tubes and to the marker solution. The tubes were centrifuged for 
approximately 20 s to ensure complete mixing and heated at 55°C for 1 5  min. 
Electrophoresis of 20 �-tl aliquots of each of the solutions was performed on a 
formaldehyde ( 1 8% )!fBE ( 1 %) agarose gel at 1 OOV for 3 h until the blue dye had 
moved two thirds of the way down the gel [ 1 57]. 
The results from this study showed that all the transcription reactions had gone to 
completion, even at incubation conditions of 22.5°C for 30 s. Consequently, for the 
preparation of RNNDNA hybrids for STM imaging studies, it was decided that an 
incubation temperature of 20.0°C should be used together with shorter incubation 
times, e.g. of the order of 1 5-30 s. 
2.5.1.4 Preparation of RNA/DNA hybrids for STM imaging studies 
Four separate solutions (A' to D') were prepared, using the quantities shown in Table 
2.3, and the following procedure. Samples of 1 (4 �-tl), 2 (2 �-tl), 3 (2 �-tl), 4 (2 �-tl), 5 
(2�-tl) and RNase free water (8 �-tl) were transferred to an eppendorf tube in such a way 
as to keep each component separate as described above. Each tube was then 
centrifuged for approximately 20 s to ensure complete mixing of all the individual 
components and then placed in a water bath at 20.0°C for the times prescribed in Table 
2.4, 1 5  to 30 s. 
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Table 2.3 Quantities of reagents used to prepare RNNDNA hybrids for STM irnaging 
studies. 
Solution number Sample Volume (Ill) 
1 buffer solution 4.0 
2 deoxynucleotide mixture 2.0 
3 primer pd(T)ts 2.0 
4 AMV RT 2.0 
5 control RNA 2.0 
water (RNase free) 8.0 
Table 2.4 Reaction conditions used to prepare RNA/DNA hybrids for STM irnaging 
studies. 
Solution 
A' 
B' 
C '  
D' 
Reaction time (s) 
1 5  
1 5  
30 
30 
EDT A addition 
Yes 
No 
Yes 
No 
The reverse transcription reaction was stopped by immersion of the eppendorf tube in 
an EtOH/ dry ice bath (-70°C). However, to ensure that the reaction did not continue 
once the solutions had thawed prior to STM investigations, EDT A (2 Ill) was added to 
solutions A' and C'. This is known to prevent any further polymerisation as EDTA 
complexes with divalent cations necessary for the polymerase reaction [ 1 58] . 
Solutions A' and C' were then frozen in the EtOH/dry ice mixture ( -70°C). All the 
samples were then stored at -20°C prior to STM investigation. No dialysis procedures 
were necessary for their observation by STM. 
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2.5.2 Biomaterials 
The HIV-11Av RT 66 kD/51 kD heterodimer ( 1  mg cm-3) and the HIV- 11Av RT 66 
kD/66 kD homodimer (No. 7600, enzyme U; 1 . 9  mg cm-3) expressed from E. Coli were 
obtained from the Medical Research Council Aids Directed Programme. The enzymes 
were stored at -20°C and were stabilised in 0.05 mol dm-3 HEPES buffer (N-2-
hydroxyethylpiperazine-N'-2-ethanesulphonic acid) and 0.0 1 mol dm-3 NaCl. 
The HIV- 1 RT 66 kD subunit expressed from E. Coli was obtained from Oxford 
Virology plc and was stored at -20°C in glycerol (50% vol./vol.), 
tris(hydroxymethyl)aminomethane hydrochloride (Tris.HCI, 0.03 mol dm-3, pH 8 .0), 
sodium chloride (0.025 mol dm-3), EDTA (0.001 mol dm-3), dithiothreitol (0.001 mol 
dm-3), sodium azide (0.05%) and Triton X- 100 (0. 1 %  ). 
Dialysis was used to remove organic material and the majority of the salt buffer, which 
may hinder STM imaging. The enzyme solution, as supplied, was diluted ( 1 :5) with 
RNase free triply distilled water and dialysed against 0.005 mol dm-3 Tris.HCl (pH 7.4) 
for between 10  h and 48 h at 2-3°C. The dialysis tubing used, seamless tubing (Sigma 
Chemicals), retains 99% of a cytochrome-C ( 12.4 kD) for more than 10  h. The 
dialysed enzyme solution was then stored at this temperature and used soon afterwards 
[ 1 59]. The undiluted enzymes were stored at -20°C and repeated thawing and freezing 
was minimised to prevent denaturation and loss of activity. 
A drop of the enzyme solution (approx. 0.01 cm3) was placed directly onto a freshly 
cleaved substrate surface via a fmipipette. Once applied, the enzyme solution was left 
to dry at room temperature in ambient air for 1 5  min. Both dialysed and undialysed 
enzyme solutions were used in STM experiments. 
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2.5.3 Instrumentation 
Scanning tunnelling microscope, STM, images were obtained on a Nanoscope II 
instrument (Digital Instruments Inc., Santa Barbara, USA) under normal atmospheric 
conditions. The STM was operated in both the constant current mode and the constant 
height mode, although the former technique was used for biomaterial imaging. Either 
Pt-Ir tips (Material Analytical Services, North Carolina, USA) or Pt tips (Longreach 
Scientific Resources AFD, Box 549, Orr's Island, ME04066, USA) were used to obtain 
tunnelling images. The former typically had tip radii of 50 nm, although these tips do 
show a great variation in radii, with some tips possessing a radius of 400 nm [ 1 59]. 
Tunnelling images were recorded on a display with a digital scan of 400 lines per 
picture. Optimal imaging parameters were obtained using a scanning frequency of 3.47 
Hz, a tunnelling current of 0.2 nA and a tip bias potential of -700 m V [ 1 59]. Image 
bow and vibration effects were reduced by image flattening and plane fitting using 
digital filtration. 
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CHAPTER THREE 
ELECTROCHEMICAL POLYMERISATION OF 
(E)-3-STYRYLTHIOPHENES 
3.1 Introduction 
The aim of this study was to produce polymers with conductivities of the order of 100 
S cm-1 and above. Poly(3-phenylthiophene), the structure of which is shown in Fig. 3 . 1 ,  
is reported to exhibit a conductivity of 1 40 S cm-1 [ 1 60] . An enhancement of this 
conductivity might be expected from the introduction of an unsaturated spacer linkage 
between the 3-substituted phenyl rings and the polythiophene backbone. This should 
greatly increase the degree of co-planarity of the polymer, the proposed structure of 
which is shown in Fig. 3.2, and high conductivities with a concomitant reduction in 
band-gap might be expected. The requirement for a spacer linkage has been recognised 
[ 16 1 ] ,  however, only alkyl [ 1 62, 1 63] and alkoxy [ 1 64, 1 65] linkages have been 
investigated and these do not allow conjugation between the pendent phenyl groups and 
the polythiophene backbone. 
Poly((E)-3-styrylthiophene) should allow the 1t-electron density of the phenyl group to 
be delocalised with that of the polythiophene backbone by means of the alkene spacer. 
The presence of this unsaturated linkage should also minimise steric hindrance between 
the two rings. Substitution at the 3-position should still allow monomer coupling to 
occur through the 2- and 5-positions of the thiophene heterocycle, as in polythiophene. 
UV spectroscopic and X-ray crystallographic evidence have shown that (E)-stilbene, an 
analogue of the proposed monomer, is essentially planar in solution with minimal steric 
hindrance [ 166]. 
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Fig. 3 . 1  Proposed idealised structure of poly(3-phenylthiophene ) . 
R 
j9 -
R 
_;9 -
Fig. 3 .2 Proposed idealised structure of poly((E)-3-styrylthiophene). R represents a 
substituent at the para-position of the benzene ring. 
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A number of substituted 3-styrylthiophenes possessing a range of electronic effects 
(Fig. 3 .3) were synthesised and their electrochemical behaviour studied using standard 
electrochemical techniques such as cyclic voltammetry, chronoamperommetry and 
galvanostatic methods. The first studies attempted to relate the monomer structure to 
the electrochemical behaviour. 
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Fig. 3 .3 3-Styrylthiophenes and analogues investigated. 
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It is known that the structure and properties of polythiophene films are greatly affected 
by the nature of the solvent [46], electrolyte [ 1 67- 169] and the applied electrical 
conditions [46], hence a more detailed electrochemical study was made using 
monomers (E)-3-styrylthiophene (1), (E)-3-(4'-nitrostyryl)thiophene (2) and (E)-3-(4'­
aminostyryl)thiophene (3). 
3.2 Results and Discussion 
3.2.1 Electrochernical polymerisation 
The electrochemical behaviour of all the monomers was initially investigated by cyclic 
voltammetry. The I-V responses obtained from these compounds were similar and 
typical cyclic voltammograms are shown in Figs. 3 .4-3 .8. The electrochemical data 
obtained from each mono mer is summarised in Table 3 . 1 .  A similar trend in the general 
behaviour was observed for each of the monomers. Typically, as shown by (E)-3-
styrylthiophene (1) in Fig. 3 .4, the first anodic scan showed two initial oxidation waves 
at 1030 and 1460 m V versus Ag/ Ag+. On the second scan these currents were 
reduced, but no corresponding reduction peaks were found for any monomer. The first 
process is thought to be that of the oxidation of the alkene linkage and the second the 
removal of an electron from the highest occupied molecular orbital (HOMO) of the 
electron-rich 7t-electron system of the thiophene ring [ 1 70] . It is known that alkenes 
undergo electrooxidation at potentials in the range 1 500 to 2800 m V versus SCE [ 17 1 ]  
and conjugated double bonds are more easily oxidised than isolated double bonds 
because conjugation of the 7t-electron system lowers the ionisation potential [46] .  This 
is the case with (E)-stilbene (11, Fig. 3.3) where the double bond between the two 
phenyl rings is known to be more susceptible to attack than a non-conjugated double 
bond [ 1 72] and can even undergo electrophilic addition reactions. The absence of any 
redox behaviour of these films may due to oxidation of the alkene linkages resulting in 
the formation of a dense crosslinked polymeric matrix which restricts anion mobility. 
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Fig. 3 .4 Cyclic voltammogram of (E)-3-styrylthiophene (1). WE: Pt disc (area: 0.385 
cm2) ;  monomer cone. : 0.005 mol dm·3; u=5 mV s·1 ;  electrolyte: 0. 1 mol dm-3 
TBABF/acetonitrile; first scan ( ___ ) , second scan ( ------ ) . 
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Fig. 3.5 Cyclic voltammogram of (E)-3-(4'-nitrostyryl)thiophene (2). WE: Pt disc 
(area: 0.385 cm2) ;  monomer cone. : 0.05 mol dm·3; u=l O  mV s-1 ; electrolyte: 0. 1 mol 
dm-3 TBABF/acetonitrile; first scan ( ), second scan ( ------ ) . 
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Fig. 3 .6  Cyclic voltammogram of (E)-3-(4'-aminostyryl)thiophene (3). WE: Pt disc 
(area 0.385 cm2) ;  monomer cone. : 0.005 mol dm·3; u=l O  mV s·1 ; different scans show 
the effect of the addition of HCl (0.01  mol dm-3, 1 : 1  ratio) to the electrolyte (0. 1 mol 
dm-3 TBABF/acetonitrile); no addition of HCl: ( ), 
addition of HCl: ( ------ ) . 
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Fig. 3.7 Cyclic voltammogram of (E)-3-(4'-methoxystyryl)thiophene (5). WE: Pt disc 
(area: 0.385 cm2); monomer cone. : 0.007 mol dm·3; u=l O  mV s·1 ; electrolyte: 0. 1 mol 
dm-3 TBACIO/dichloromethane; first scan ( ), second scan ( ------ ). 
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Fig. 3 . 8  Cyclic voltammogram of 3-(phenylalkynyl)thiophene (8) . WE: Pt disc (area: 
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Table 3. 1 Summary of electrochemical data of the 3-styrylthiophenes. 
Mono mer Mono mer Electro- Epa jpa (mA Film 
cone. synthetic (mV vs. cm-2) b appearance 
(mol dm-3) conditionsa Ag/ Ag+) b 
1 
?' 
0.01 0  _c,g 1 030 0.75 thin, golden 
1460 0.65 
\ 
s 
R = H  
2 R = N02 0.008 _c,g 1 250 0.88 thin, golden 
3 R = NH2 0.004 _c,h 320 0.30 thin, golden 
1 230 0. 1 9  
3 R = NH2 0.002 _e,h 620 0. 1 6  thin, golden 
1050 0. 1 6  
1400 0.3 1 
4 R = oc16H33 0.007 _d,h 1400 0.82 thin, orange 
5 R = OMe 0.004 _c,h 770 0.84 thin, golden 
1 450 0.94 
6 OMe 0.005 _c,h 750 0.58 thin, golden 
�'"' 1 100 0.69 ..... / 1360 1 .03 OMe \ s 
7 �OMe 0.005 _c,h 820 0.99 thin, golden 
/ 1 1 10 0.95 OMe OMe 
8 ~ 0.004 
_c,h 1405 0.72 thin, golden-
1 650 0.55 pink 
\ 
� 
s 
9 
Q
�fl 
0.005 _f,g 1 130 0.4 1  thin, golden 
1425 0.20 
s 
10 0.005 _c,h 1 650 1 .08 non-visible OH 
� s s 
a Electrochemical behaviour observed using a three compartment divided cell, under nitrogen at a Pt electrode. b Potentials and 
current densities refer to the first potential scan. c TBABF4 (0.1 mol dm-
3) in acetonitrile. d TBACI06 (0. 1 mol dm-3) in 
dichloromethane. e TBABF4 (0. 1  mol dm-\ HCI (0.01 mol dm-3) in acetonitrile. fLiCI04 (0. 1  mol dm-3) in acetonitrile. 
g Sweep rate 5 m V s-1 h Sweep rate 10 m V s-1. 
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To confirm that the double bond in the spacer linkage was undergoing attack during 
electrochemical cycling, the electrochemistry of (E)-stilbene (11), an analogue of 1,  was 
examined under the same conditions. The cyclic voltarnmogram of (E)-stilbene is 
shown in Fig. 3.9. (E)-Stilbene (11) undergoes chemical polymerisation to form a 
soluble modified polyphenylene system, the conductivity of which is 1 .5x10-4 to 4x10-6 
S cm-1 on doping with iodine [ 173] .  Peaks at 1030 and 1460 mV versus Ag/Ag+ for 
(E)-3-styrylthiophene (1) may correspond to peaks at 1 145 and 1545 m V, respectively, 
for (E)-stilbene (11) (Table 3.2). The relative current densities of these peaks support 
this. However, in the case of (E)-stilbene ( 11), the peak current densities decreased less 
with cycling than those for 1,  which fell markedly by the third scan indicating, in the 
case of the styrylthiophene species, the formation of a porous insulating layer at the 
electrode surface whereas, in the case of (E)-stilbene (11), production of a soluble 
polymer results. However, despite the reduced currents with cycling and apparent lack 
of redox behaviour, polymeric films were obtained from the (E)-3-styrylthiophene 
monomers in almost all cases. 
The potential at which the first oxidation process occurs appears to be very dependent 
on the nature of the substituent in the phenyl ring, R. In some instances it is unclear 
whether the electronic effects of the R group are modifying the ease of polymerisation 
or whether the R group is itself undergoing an electrochemical reaction. For example, 
in the case of an amino substituted monomer, where aromatic amines are known to 
undergo complex electrooxidation well inside the potential range of interest, coupling 
through the amino group to produce an azobenzene may occur [ 1 74]. 
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Fig. 3.9 Cyclic voltammogram of (E)-stilbene (11). WE: Pt disc (area: 0.385 cm2); 
rnonorner cone.: 0.005 mol dm·3; u=5 mV s·1 ;  electrolyte: 0. 1 mol dm-3 TBABFi 
acetonitrile; first scan ( ), second scan ( ------ ) .  
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Table 3.2 Comparison of the electrochemical behaviour of (E)-3-styrylthiophene (1) 
and (E)-stilbene (11). 
(E)-3-Styrylthiophene (l)a (E)-Stilbene (U)a 
@_)Gl I
" 
/ 
I ' \ / 
s 
E0a (m V vs. Ag/ Ag+) b 1 030 1 145 
1460 1 545 
1 885 
jpa (mA cm-2) b 0.75 0.72 
0.65 0.62 
1 .02 
Appearance of electrodec thin gold homogeneous no observable film 
film 
a [monomer] = 0.005 mol dm-3, [TBABF4] = 0. 1 mol dm-3 in acetonitrile, potential cycled between 0 and 2100 m V vs. Ag/ Ag+, 
5 m V s-1 for three scans on Pt. b Potential and current density for the first scan. c Appearance of the electrode after the third scan. 
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In the case of (E)-3-(4'-aminostyryl)thiophene (3), where an amino group is present, an 
experiment was performed in which the electrolyte was acidified with hydrochloric acid 
(0.01 mol dm-3, 1 : 1  ratio) thus forming the anilinium salt, the voltammogram of which 
(Fig. 3 .6) differed from that of the neutral monomer. The peak at 320 m V had shifted 
to 620 m V which can be attributed to the decrease in conjugation of the amine 
hydrochloride with the 1t-system, reducing the ease of oxidation of the alkene bond. 
The peak at 1050 m V may be that of the oxidation of the anilinium salt and that at 1450 
m V due to the thiophene ring itself. These three separate peaks are not seen in the 
voltammogram of the free amine monomer, but an exceedingly high current is seen over 
the whole potential range of interest of this compound. 
Alkoxy and nitro groups are known to be electroinactive in the potential region of 
interest [ 175] and so in these monomers the effect of the substituent is simply to alter 
the unpaired electron 1t-spin density distribution in the radical cation, thereby affecting 
its stability and reactivity. This is reflected in the first oxidation potentia1s which 
increase with the Hammett Constant, crP +, of the substituent (Table 3.3) . For example, 
the Hammett Constant, cr/, for amino and nitro groups are -0.66 and +0.78 
respectively. 
Comparison of the first oxidation potentials of these monomers give values of 320 and 
1 250 mV, showing that the lower the Hammett Constant, the greater the ease of the 
first oxidation reaction (Fig. 3. 1 0). This mesomeric effect is in agreement with other 
reports concerning the electropolymerisation of substituted thiophenes [ 176] . 
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Table 3.3 Variation of the first oxidation potential on the first anodic scan of 4'­
substituted (E)-3-styrylthiophenes with Hammett Constant. 
Substituent R Hammett constant Epa 
cr + p (m V vs. Ag/Ag+) 
NH2 -0.66 320 
OMe -0.27 770 
H +0.00 1030 
N02 +0.78 1 250 
Epa (m V vs. Ag/Ag+) 
1400�--------------------------------------------�� 
0 
1200 
1000 0 
800 0 
600 
400 
0 
200L------------L------------L------------L----------� 
-1 -0.5 0 0.5 
Hammett Constant 
Fig. 3 . 10 Variation of the first oxidation potential on the first anodic scan of 
4'-substituted (E)-3-styrylthiophenes with Hammett Constant. 
96 
In experiments with (EJ-3-(4'-aminostyryl)thiophene (3), (E)-3-(3',4',5'­
trimethoxystyryl)thiophene (6) and (Z)-3-(3',4',5'-trimethoxystyryl)thiophene (7) and 3-
(phenylalkynyl)thiophene (8), streams of intensely brown or gold coloured species (blue 
in the case of (E)-3-(4'-hexadecyloxystyryl)thiophene (4)) were observed diffusing from 
the electrode surface at potentials corresponding to the first oxidation process. These 
coloured species were presumed to be radical cations or short chain oligomers and 
appeared to be stable over long periods of time and, for (E)-3-(3 ',4',5'­
trimethoxystyryl)thiophene (6), a permanent yellow colour change was seen in the 
electrolyte. 
3.2.2 Effect of mono mer concentration 
In the case of thiophene, it has been found that a minimum monomer concentration 
exceeding 0.02 mol ctm-3 is necessary to produce conducting films [ 177- 179]. This was 
necessary so that electron transfer was not limited by the rate of diffusion of monomer 
to the electrode surface which would result in over-oxidation of the polymer film. In 
the present work, the monomer concentrations were generally 0.005 mol dm-3, 
suggesting that a contributory factor to inadequate film formation might be low 
concentrations. Therefore, the electrochernical behaviour of (E)-3-styrylthiophene (1) 
and (E)-3-(4'-nitrostyryl)thiophene (2) was investigated over a range of monomer 
concentrations (0.005 to 0.05 mol dm-3) .  The results showed that, in these cases, 
monomer concentration had no obvious effect on the nature of the films produced or on 
the general shape of the cyclic voltammograms, which is in contrast to the 
concentration-dependent electrochemical behaviour of thiophene itself. 
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3.2.3 Film growth 
Films were grown under constant current, constant potential and potentiodynamic 
conditions. Under constant potential conditions, a decrease in current with time as a 
result of film growth was observed indicating formation of some form of passivating 
layer on the electrode surface. Thin films produced potentiodynamically could only be 
grown under lower transient conditions (5 m V s-1) .  At higher sweep rates (10 m V s-1),  
inhomogeneous films were produced, whereas no films could be grown at sweep rates 
of 50 mV s-1 • This was the case for electropolymerisation of all the monomers with the 
exception of 10, where no film was obtained. 
3.2.4 Solvent dependence 
The electrochemical behaviour of (E)-3-styrylthiophene (1,  0.005 mol ctm-3) was 
investigated in a variety of solvents, including acetonitrile, dichloromethane, ethanol, 
propylene carbonate and nitrobenzene. A similar potentiodynamic response was 
obtained in all the solvents and no redox behaviour was observed by varying the 
solvent. However, thin golden homogeneous films could only be grown in acetonitrile, 
dichloromethane or ethanol. No film was apparent when using propylene carbonate or 
nitrobenzene. The absence of any observable film and the presence of a broad oxidation 
wave in these latter solvents is probably due to a decrease in the heterogeneous electron 
transfer rates as a result of the high solution viscosities [ 1 80] . There appears to be very 
little difference in the electrochemical behaviour and film appearance in the presence of 
acetonitrile or dichloromethane which is in agreement with other electrochemical 
studies [ 1 8 1] .  
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3.2.5 Effect of supporting electrolyte 
To see whether the dopant anion may alter the redox behaviour of these polymers, the 
electrochemical behaviour of (£)-3-styrylthiophene (1, 0.005 mol dm-3) was examined 
in the presence of a variety of supporting electrolytes, namely, TBABF4, TBAPF6, 
TBApTS, TBAC104, NaC104 and LiC104• The results showed that the potentials at 
which the electro-oxidation reactions were observed were not greatly affected by the 
nature or concentration of the supporting electrolyte and thin golden homogeneous 
films were obtained using all the supporting electrolytes investigated with the exception 
of TBApTS. Thiophene itself does not undergo electropolymerisation in the presence 
of the latter electrolyte [ 182,183].  
3.2.6 Substrate dependence 
The electrochemical behaviour of the (£)-3-styrylthiophenes were extremely similar on 
ITO glass and Pt electrodes. However, much thicker (about 20 f..Lm) brown coloured 
films could be grown on ITO glass, whereas only very thin (<1 f..Lm) golden-coloured 
films were observed on Pt. This is in contrast to the substrate-dependent 
electrodeposition of polypyrrole and polythiophene where growth on Pt is more 
favourable than on ITO glass by a factor of about ten [ 1 84]. 
3.2. 7 Film characteristics and morphology 
The films formed from the electropolymerisation of compounds 1 to 9 had low 
conductivities (<J (poly 1): 8x10-6 S cm-1) and showed no redox behaviour. The :fihns 
could be removed by abrasion, but were insoluble in the usual organic solvents, e.g. 
acetone, ethanol, dichloromethane, THF and toluene. All the films electrodeposited on 
ITO glass grew to a limiting thickness of about 20 J..lm. 
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Topological investigations using an optical microscope showed the film grown from 
(E)-3-styrylthiophene (1) to be homogeneous with very few defects and an SEM image 
of a thick film obtained from the electropolymerisation is shown in Fig. 3 . 1 l (a). The 
polymer was smooth and homogeneous compared to polythiophene grown under 
identical conditions (Fig. 3 . l l (b)) and as reported in the literature [22]. 
10.0 J.Lm 
Fig. 3. l l (a) SEM of the film obtained from the electropolymerisation of (E)-3-
styrylthiophene (1) on ITO. 
1 00 
10.0 Jlm 
Fig. 3 . 1 1 (b) SEM of polythiophene on ITO (film prepared under identical conditions as 
in the electropolymerisation of (E)-3-styrylthiophene (1)). 
The porosity of the fllms was evaluated by examining the electrochemical behaviour of 
ferrocene at the polymeric electrode. The classic reversible electrochemical behaviour 
of ferrocene was observed on the polymer formed from the electropolymerisation of 
(E)-3-styrylthiophene (1), at diminished current density (by a factor of about 10), 
indicating the porous nature of the film. The high porosity of the polymer offers an 
explanation of the deposition of thick layers of low conducting material. 
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3.2.8 Solid-state spectroscopic studies 
3.2.8.1 X-Ray photoelectron spectroscopy 
Peaks for carbon, chlorine (from the dopant perchlorate anion), oxygen and sulphur 
(and nitrogen in the case of polypyrrole) were all observed in the XPS spectra of 
polythiophene, polypyrrole and the electrochemically synthesised poly((E)-3-
styrylthiophenes (1) and (9)) .  The binding energies for these peaks, together with 
atomic percentages are summarised in Table 3 .4. The values for polythiophene and 
polypyrrole are in agreement with those reported in the literature [ 1 85]. The binding 
energies of the S(2p) sulphur signals of the poly((E)-3-styrylthiophenes) are almost 
identical to that of polythiophene, indicative of structural similarities between these 
polymers. 
Although lineshape analysis was performed on the C(l s) peak in an attempt to resolve 
this broad signal, satellite shake-up peaks were present which hinder any useful 
interpretation. Consequently, the results from XPS studies are mainly restricted to a 
discussion of broad signal ratios. 
The degree of doping could readily be obtained by calculating the ratio of the atomic 
percentages of the S(2p) peak, or N( l s) in the case of polypyrrole, to that of the Cl(2p) 
peak. The latter occurs in the range of 207.65 to 208. 10 eV and is typical with that of 
the perchlorate anion [ 1 86] . Table 3.5 shows the degrees of polymer doping for the 
poly((E)-3-styrylthiophenes (1) and (9)), as well as those of polypyrrole and 
polythiophene. From this it can be seen that the poly((E)-3-styrylthiophenes) were 
doped with perchlorate anions from the electrolyte, although to a lesser extent than for 
polypyrrole and polythiophene. 
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Table 3.4 Summary of XPS data of polypyrrole, polythiophene and poly((E)-3-
styrylthiophenes )a. 
Polypyrrole Polythiophene Poly 1 Poly 9 
{!]) ® ~ / N s H \ s s 
Signal BE Atom B E  Atom BE Atom BE Atom 
(eV) % (eV) % (eV) % (eV) % 
S(2p) 1 63.95 10.3 1 64.20 4.8 1 64.20 3.4 
Cl(2p) 207.85 3.4 208.00 3. 1 207.65 0.5 208 . 10 0.8 
C( l s) 284. 1 5  1 3.9 284.40 16.5 284.35 10.0 
C(1 s) 285.00 25. 6  285.00 47.2 285.00 56.0 285.00 47.7 
C( l s) 286.20 1 7.5 285.95 10.6 286.35 6.6 286.55 1 8.7 
C(l s) 288.45 5.7 287.30 5.9 288.30 2.7 29 1 .65 1 .7 
C( l s) 291 .75 0.9 288.95 1 .9 29 1 .40 1 .7 29 1 .75 1 .4 
N(l s) 400.30 4.7 400.55 1 .7 
N(l s) 401 . 10 4.2 
N( l s) 403.30 1 .8 
O(l s) 532.80 1 9.9 532. 10  6.2 532.70 9.5 533.05 16 .5 
O(l s) 534.85 2.3 533 . 1 5  14.8 
a B E  refers t o  binding energy and Atom % refers t o  the atomic percentage. 
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Table 3.5 Degrees of polymer doping for lithium perchlorate doped polypyrrole, 
polythiophene and poly((E)-3-styrylthiophenes), determined from the ratio of the 
atomic percentages of the S(2p) peak (N( l s) in the case of polypyrrole) to that of the 
Cl(2p) peak in the XPS spectrum. 
Polymer 
polypyrrole 
polythiophene 
poly 1 
poly 9 
Monomer: 
dopant ratio 
3. 1 
3.3 
9.6 
4.3 
For example, in the case of the polymer obtained from (E)-3-styrylthiophene (1), one 
perchlorate anion was incorporated for every seven monomer units, whereas the degree 
of doping in polypyrrole of 3. 1 is in close agreement with literature ratios of 2. 70 to 
3 . 12  determined using XPS [ 1 86] and also to the ratio of 3 .03, determined by chemical 
analysis [ 1 87]. 
O(l s) signals were observed in the XPS spectra of all the polymers. The 0(1 s) peak at 
lower binding energy (typically, 532. 10  to 533.05 eV) corresponds to the oxygen in the 
dopant perchlorate anion, in agreement with the value of 532.50 e V for 
tetrabutylammonium perchlorate doped polypyrrole [240] . However, the ratio of the 
lower binding energy 0( 1 s) peak to the Cl(2p) peak in all the polymers give values 
higher than can be accounted for by oxygen in the perchlorate anion alone. This, 
together with the existence of other higher binding energy 0( 1 s) signals in polypyrrole 
and polythiophene, suggests that other oxygen species, for example, covalent C-0 or 
C=O bonds, are present in all the polymer films. Such carbonyl species have also been 
found in polypyrrole films from other studies, and their occurrence is thought to be due 
to reactions between monomer radical cations with oxygen or water during 
electropolymerisation [ 188] . 
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The N( l s) signal observed in the spectrum of the polymer of (E)-3-styrylthiophene (1) 
was attributed to incorporation of the acetonitrile solvent, probably as a solvation 
sheath around the dopant anion, as observed with some polypyrrole films [38] . 
3.2.8.2 Fourier transform infra-red spectroscopy 
A summary of the FT-IR data of poly((E)-3-styrylthiophene (1)) and polythiophene is 
shown in Table 3 .6.  The presence of saturated carbon atoms were observed in the 
spectrum of poly((E)-3-styrylthiophene (1)), which would decrease the mean 
conjugation length of the polymer causing disruption in inter-chain hopping, offering a 
contributory explanation for the low conductivities observed (Chapter Four) . 
In agreement with the XPS data, peaks corresponding to C=O, 0-H and C-0 species 
were observed in the FT-IR spectra of all the polymers investigated. As expected, the 
presence of these signals was much greater in chemically prepared polymers compared 
to electrodeposited films, since chemical methods generally lead to over-oxidation of 
polymers [38] . 
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Table 3.6 Summary of Ff-IR data of polythiophene and poly((E)-3-styrylthiophene 
(1)) . 
Polymer 
Polythiophene 
Polythiophene 
Polythiophene 
Poly 1 
3.3 Conclusions 
Preparation 
electrochemical 
doped with 
clo4-
electrochemical 
dedoped 
chemical 
doped with CI-
electrochemical 
doped with 
clo4-
Peaks and assignments 
3530 (uO-H), 3290 (uO-H), 1 670 (uC=O), 
1 620 (UC=C), 1 350 ()'0-H/uC-0), 
12 10  (uC=S), 1 100 (uC104 -), 1050 (uC104 -), 
790 ('yC-H). 
3500 (uO-H), 3250 (uO-H), 3080 (uC-H unsat), 
1 675 (uC=O), 1630 (uC=C), 
1425 ()'0-H/uC-0), 1 365 (uC=S), 1 220 (uC=S), 
1 105 (uCl04-,weak), 1060 (uCl04-,weak), 
790 ()'C-H). 
3520-3050 (uO-H), 2930 (uC-H sat), 
1 675 (uC=O), 1620 (uC=C), 
1520-1 330 (uC=S/)'0-H/uC-0), 1220 (uC=S), 
1 1 35, 1 050, 8 10  ()'C-H). 
3480 (uO-H), 3285 (uO-H), 3080 (uC-H unsat), 
3030 (uC-H unsat), 2965 (uC-H sat), 
2925 (uC-H sat), 2855 (uC-H sat), 
1 675 (uC=O), 1600 (uC=C), 
1450 ()'0-H/uC-0), 1410 ()'0-H/uC-0), 
1 2 10  (uC=S), 1 1 80 (uC=S), 1 100 (uCI04-) ,  
1 080 (uC104 -), 785 ()'C-H), 705 ()'C-H). 
Polymeric films with conductivities in the range of 10-6 S cm-1 were produced by 
electro-oxidation of a variety of (E)-3-styrylthiophene monomers. However, in all 
instances the films grown under the experimental conditions described were found to be 
redox inactive. This may be due to one or a combination of the following. Firstly, the 
alkene spacer linkage appears to be electro-oxidised and the absence of any 
corresponding reduction peaks, even at high sweep rates (1000 m V s-1) , suggests that a 
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rapid chemical step follows the electron transfer reaction. Radicals are capable of 
reacting very rapidly with molecules containing an alkene double bond and this 
intermolecular reaction is known to involve a small activation barrier of approximately 
20 kJ mol-1 [ 1 89]. When the double bond and the radical are part of the same molecule, 
cyclisation reactions have been reported [ 1 90, 19 1] .  Secondly, the conjugation in the 
styrylthiophenes may be such that the highly stabilised radical cations diffuse into the 
bulk electrolyte and therefore do not adequately participate in the interfacial 
electropolymerisation reaction. These cations are stabilised by delocalisation with the 
styryl group and any electron donating substituent, e.g. an amino group, located at the 
para-position of the phenyl ring has the effect of further extending the degree of 
conjugation and, hence, increasing the stability of the resultant radical cation. Similar 
results observed elsewhere [38] were attributed to such stabilised species, dimers or to 
short chain oligomers. 
Problems associated with the electropolymerisation of thiophene bearing an alkene 
function in the side chain have been reported [ 1 92] , where it was found that 
electropolymerisation was successful for monomers bearing acrylic double bonds, but 
not allylic or benzylic double bonds. These studies also showed that in the cases where 
electroinactive species were formed, a conductive phase could be produced during the 
early stages of growth, but the surface rapidly became blocked by an insulating layer 
[ 1 92]. 
Nethertheless, polymeric films were formed on the electrode surface suggesting that 
electro-oxidation of the double bond and electropolymerisation reactions via both the 
alkene linkage and thiophene rings are occurring. The smooth nature of the­
styrylthiophene polymers may be indicative of polymerisation through the alkene 
linkage (e.g. the polymerisation of styrene ), to produce a dense crosslinked polymeric 
matrix in which the conjugation of the polymer has been disrupted. 
107 
CHAPTER FOUR 
CHEMICAL AND ELECTROCHEMICAL 
POLYMERISATION OF (E)-2-STYRYLHETEROCYCLES 
4.1 Introduction 
In Chapter Three, the electrochemical polymerisation of (E)-3-styrylthiophenes was 
investigated. Anodic oxidation of these heterocycles produced thin redox inactive films 
of low conductivity ( lQ-6 S cm-1), which was attributed to a simultaneous oxidation of 
some of the alkene linkages resulting in the formation of a dense crosslinked polymeric 
matrix causing a disruption in conjugation of the polymer backbone [ 193]. 
In this Chapter, the polymerisation (both chemical and electrochemical) of (E)-2-
styrylheterocycles and derivatives (12-21), possessing a range of electronic effects (Fig. 
4. 1 ), is described. Significantly different structures and properties to those from the 
polymerisation of (E)-3-styrylthiophenes might be expected, since one of the a­
positions on the heterocyclic ring is unavailable for monomer coupling. Fig. 4.2 shows 
probable structures of the polymers formed from (E)-2-styrylheterocycles, in which the 
styryl group forms an intrinsic part of the polymer backbone rather than simply being a 
pendent moiety. These structures arise from head-to-tail, head-to-head and tail-to-tail 
monomer couplings, although other possible structures, as a result of crosslinking 
through the alkene spacer linkage or other couplings via the heterocyclic or the benzene 
ring, cannot be discounted. 
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12 R = H  
13 R= N02 
14 R = NH2 
16 R = N02 
17 R= NH2 
20 R =  NMe2 
R 
R 
15 
18 X = O  
19 X = S  
Fig. 4. 1 ( E)-2-Styrylheterocycles synthesised for electrochemical investigation. 
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n 
(a) 
n 
(b) 
(c) 
Fig. 4.2 Proposed idealised structures of the polymers formed from the 
electropolymerisation of (EJ-2-styrylheterocycles: (a) head-to-tail, (b) head-to-head, 
and (c) tail-to-tail. X represents S, NH or 0. 
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4.2 Results and discussion 
4.2.1 Electrochemical polymerisation 
The electrochemical behaviour of some (E)-2-styrylheterocycles is shown in Figs. 4.3-
4.6, with the data summarised in Table 4. 1 .  Typically, as exemplified by the 
electrochemical behaviour of (E)-2-styrylthiophene (12) (Fig. 4.3), two clear oxidation 
peaks were observed on the first scan. The first reaction, occurring at 925 m V, is likely 
to be that of the oxidation of the alkene, as observed at 1030 mV for (E)-3-
styrylthiophene (1) (Chapter Three) and the second at 1 360 mV, that of the oxidation 
of the thiophene ring. The respective cathodic shifts for the 2-substituted derivative 
(12), probably result from an increased conjugation of the double bond with the 
thiophene ring itself. A poorly defined third oxidation peak, which may be associated 
with oxidative degradation of the thiophene ring or the product of an electrochemical 
reaction, was observed at 1 985 m V, immediately prior to the onset of solvent 
breakdown. Decreased currents for alkene oxidation were seen on the second and 
subsequent cycles, whereas that for the thiophene ring oxidation increased on the third 
sweep with additional peaks seen at 1 545 and 1 850 mV. These may be due to other 
polymerisation or crosslinking reactions between dimers or trimers and have not been 
further analysed. However, on repeated cycling, currents eventually fell, indicating 
formation of an insulating layer. As with the corresponding (E)-3-styrylthiophenes, no 
reduction peaks were observed, even when the cathodic potential limit was extended to 
-2000 m V. 
I l l  
Table 4. 1 Summary of electrochemical data of (E)-2-styrylheterocycles. 
Monomer 
12 
13 
14 
�'" 2 
15 
16 
17 �'" 2 
18 
19 
�N-N n _ - �  
Electro­
synthetic 
conditionsa 
_c 
_c 
_c 
_d 
_d 
_d 
_d 
_c 
Epa 
(m V vs. 
Agl Ag+) b 
925 
1 360 
1985 
1 130 
1 590 
280 
640 
975 
450 
925 
965 
1 120 
290 
765 
800 
930 
1450 
1725 
jpa (mA 
cm-2) b 
0.6 1 
0.52 
0.66 
0.64 
0.57 
0. 14 
0. 1 7  
0.22 
0.20 
0.3 1 
0.07 
0.07 
0. 14 
0. 17  
0. 1 5  
0. 1 9  
0.23 
0.33 
Film appearance 
thin, golden 
thin, golden 
thin, golden 
thicker, purple 
thin, golden 
thin, golden 
not observable 
not observable 
a Electrochemical behaviour observed using a three compartment divided cell, under nitrogen at a Pt electrode; monomer cone. 
0.005 mol dm-3; sweep rate 5 m V s-1 . b potentials and current densities refer to the first potential scan. 
c TBABF4 (0. 1 mol dm-3) in acetonitrile. d LiCl04 (0. 1 mol dm-3) in acetonitrile. 
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As expected, introduction of an electron donating or withdrawing substituent at the 
para-position of the benzene ring altered the potential of the alkene oxidation peak. 
For example, in (E)-2-(4'-nitrostyryl)thiophene ( 13), the potential shifted to a more 
anodic value of 1 1 30 m V which may be a consequence of the decrease in electron 
density of the alkene spacer linkage (Fig. 4.4). Oxidation of the thiophene ring 
appeared as a broad irreversible wave at 1 590 mV. On cycling, the current density of 
this peak increased from 0.05 to 0. 1 2  mA cm-2 before eventually falling to zero, 
indicative of a disruption in conjugation and production of an insulating film. 
Conversely, in the presence of an amino substituent, easier removal of an electron from 
the more electron rich spacer linkage would be predicted, which should result in 
reduction of the oxidation potential. This was indeed observed for (E)-2-(4'­
aminostyryl)thiophene (14), where alkene oxidation occurred at 280 m V (Fig. 4.5). 
However, as with the other 2- and 3-styryl derivatives, no redox active materials were 
produced. 
The electrochemical behaviour of (E)-2-styrylpyrrole (15), (Fig. 4.6), differed from that 
of the (E)-2-styrylthiophenes. The first and second oxidation peaks were centred at 450 
mV and 925 mV, with a nucleation loop seen at about 2000 mV. Whilst electro­
oxidation of pyrrole occurs at 200 m V vs. Ag/Ag+, substitution of the ring is known to 
affect the oxidation potential and so the peak at 450 m V was attributed to the oxidation 
of the pyrrole ring. This was verified in experiments where the potential was cycled 
between -500 and +500 mV and although no redox behaviour was observed, the peak 
current density remained constant. Since one of the a-positions of the pyrrole ring is 
blocked by a styryl substituent, it is possible that the oxidation reaction is resulting in 
formation of soluble dimers. This is supported by density functional theory (DFT) 
calculations of the 1t-spin density in the (E)-2-styrylpyrrole (15) radical cation, Chapter 
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Seven [ 194] , which show the unsubstituted a-position of the pyrrole ring to possess the 
highest n-spin population, and hence reactivity. 
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Fig. 4.3 Cyclic voltammogram of (E)-2-styrylthiophene (12). WE: Pt disc (area: 
0.385 cm2); monomer cone. :  0.005 mol dm-3; u=5 mV s- 1 ;  electrolyte: 0. 1 mol dm-3 
TBABF Jacetonitrile: fust scan (CD ), second scan ({2} ------ ), 
third scan (@ - . - . - . - ). 
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Fig. 4.4 Cyclic voltammogram of (E)-2-(4'-nitrostyry
l)thiophene (13). WE: Pt disc 
(area: 0.385 cm2) ;  monomer cone. :  0.005 mol dm-3; u=
5 mV s-1 ;  electrolyte: 0. 1 mol 
dm-3 TBABF Jacetonitrile; first scan (<D ) , fifth scan (@ 
. . . . . .  ). 
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Fig. 4.5 Cyclic voltammogram of (E)-2-(4'-aminostyryl)thiophene (14). WE : Pt disc 
(area: 0.385 cm2) ;  monomer cone.: 0.005 mol dm-3; v=5 mV s- 1 ;  electrolyte: 0. 1 mol 
dm-3 TBABF Jacetonitrile: first scan (<D ); second scan (@ ------ ) .  
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Fig. 4.6 Cyclic voltammogram of (E)-2-styrylpyrrole (15). WE: Pt disc (area: 0.385 
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The second process at 925 m V is that of the oxidation of the alkene spacer linkage and 
although no redox behaviour was observed, an extremely smooth purple film, which 
grew to a limiting thickness of 20 Jlm, was obtained. 
(E)-2-Styrylfurans (16 and 17) exhibited similar electrochemical behaviour to the 
analogous (E)-2-styrylthiophenes (13 and 14) and therefore only the peak potentials are 
reported in Table 4. 1 .  In the case of (E)-2-(4'-nitrostyryl)furan (16), two peaks were 
observed at 965 and 1 120 m V, corresponding to oxidation of the alkene spacer linkage 
and furan ring, respectively. These assignments were made by sweeping the potential to 
various limits and observing the fall in peak current on repeated cycling. When the 
potential was swept to 1500 m V, peak currents decreased almost to zero on the second 
cycle, whereas the current was only marginally reduced when the cycle was limited to 
1050 m V, suggesting the first peak to be that of oxidation of the alkene spacer linkage 
to produce soluble oligomers and not a passivating film. This was supported by the 
observation that a thin golden film was only produced when the potential was cycled to 
potentials more anodic than 1 120 m V. 
As with the (E)-2-styrylthiophenes, peaks corresponding to oxidation of both the alkene 
spacer linkage and heterocyclic ring were shifted to significantly more negative 
potentials when the nitro group was replaced by an amino substituent. For example, in 
the case of (E)-2-(4'-aminostyryl)furan (17), peaks corresponding to oxidation of the 
double bond and furan ring were observed at 290 and 765 mV, respectively. A thin 
golden redox-inactive film was produced on the electrode surface. 
The dramatic effect of the electron donating amino-group on the oxidation potential of 
the alkene spacer linkage was further investigated by studying the electrochemical 
behaviour of the azo derivative, azo-(E)-2-(4'-nitrostyryl)furan (18). A highly 
conducting film might have been envisaged from the electropolymerisation of this 
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compound, since two heterocyclic a-positions per monomer are available for coupling 
and conjugation is maintained via the central azo linkage [ 1 95- 1 97]. Two peaks were 
observed on the first scan at 800 and 930 m V, corresponding to oxidation of the alkene 
spacer linkage and furan ring, respectively. No redox behaviour or reduction peaks 
were observed and no polymer was formed on the electrode surface. However, the 
peak current dropped significantly on the second and subsequent cycles, suggesting 
passivation of the electrode surface. 
Azo-(E)-2-( 4'-nitrostyryl)thiophene (19) exhibited very similar electrochemical 
behaviour to the furan derivative (18). Two peaks at 1450 and 1795 mV were 
observed on the first scan, corresponding to oxidation of the alkene spacer linkage and 
thiophene ring, respectively. As with the furan derivative, no redox behaviour was 
observed and although no polymer was formed on the electrode surface, some form of 
passivating layer must have been produced, since peak currents fell dramatically on the 
second cycle. 
For all the above monomers, decreases in current with time were observed under 
constant potential conditions indicating formation of passivating layers, similar to the 
behaviour observed for the (E)-3-styrylthiophenes. Potentiodynamic growth was highly 
dependent on the transient conditions, with homogeneous films only produced at sweep 
rates of 5 m V s-I .  
4.2.2 Solvent dependence 
Variation of the solvent (acetonitrile, dichloromethane, ethanol, propylene carbonate 
and nitrobenzene) used in the electrochemical polymerisation of (E)-2-styrylthiophene 
(12) and (E)-2-styrylpyrrole (15) (0.005 mol dm-3) did not alter the potentiodynamic 
responses. Thin golden homogeneous films from the electropolymerisation of (E)-2-
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styrylthiophene (12), and thicker purple films from (E)-2-styrylpyrrole (15) were only 
obtained in acetonitrile, dichloromethane or ethanol based electrolytes. 
4.2.3 Effect of supporting electrolyte 
As discussed in Chapter One, dopant anions have a marked effect on the conductivity 
and redox behaviour of electroactive polymers. However, the oxidation potentials and 
redox characteristics of (E)-2-styrylthiophene (12) and (E)-2-styrylpyrrole (15) (0.005 
mol dm-3) were not affected by the nature or concentration of a number of supporting 
electrolytes including TBABF4, TBAPF6, TBAC104, NaC104 and LiC104• 
4.2.4 Substrate dependence 
Film growth of the poly((E)-2-styrylheterocycles) was highly dependent on the 
substrate used. In the case of the (E)-2-styrylthiophenes (12-14), thick (about 20 !liD) 
brown coloured films could be grown on ITO glass whereas only very thin ( < 1  !liD) 
golden coloured films were obtained on Pt. A similar behaviour was also observed for 
(E)-2-styrylpyrrole (15), where a thick (approx. 20 !liD) purple film could be grown on 
ITO, but only thin patchy films were obtained on Pt. 
4.2.5 Film characteristics and morphology 
Conductivities of 4x1 0-6 S cm-! ,  7x1 0-6 S cm-1 and lxl0-6 S cm-1 were observed for the 
films formed from the electropolymerisation of the (E)-2-styrylthiophenes 12 and 13 
and (E)-2-styrylpyrrole (15), respectively. No redox behaviour was observed for any of 
these polymers and no enhancement in conductivity occurred when films were placed in 
an atmosphere of iodine for 24 h. The films were fairly adherent, but could be removed 
by abrasion and were insoluble in organic solvents, such as acetone, ethanol, 
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dichloromethane, THF and toluene. As with the films obtained from the 
electropolymerisation of the (E)-3-styrylthiophenes, all the ftlms electrodeposited on 
ITO glass grew to a limiting thickness of 5-20 !liD. 
Topological investigations using SEM showed the film grown from (E)-2-
styrylthiophene ( 12) to be nodular in appearance (Fig. 4.7). Cracks were observed in 
the film, which may be due to expansion processes during film drying or to 
unfavourable film growth conditions. However, the topology of the film closely 
resembled that of polythiophene prepared under identical conditions (Fig. 3 . 1 1  (b)). 
In contrast, the film from electropolymerisation of (E)-2-styrylpyrrole (15) was 
homogenous and remarkably smooth, with uniform film coverage over the length of the 
electrode (about 0.5 cm). Fig. 4.8 shows a cross-section of the polymer/substrate 
interface obtained using SEM (the featureless top view of this smooth polymer is not 
shown). 
Despite the differences in topology compared to conventional electroactive polymers, 
such as polypyrrole, the nucleation/initial growth characteristics appeared very similar 
[52] . Films of poly((E)-2-styrylpyrrole (15)) were obtained with a charge of 16.4 mC 
cm-2. With lower charge, 4.0 mC cm-2, well spaced nucleation sites/growth centres 
could be observed on the ITO substrate. After a charge of 9.3 mC cm-2, the growth 
centres had enlarged considerably (Fig. 4.9) and after a charge of 1 1 .2 mC cm-2, 
overlapped completely to form a smooth homogeneous layer. 
1 2 1  
10.0 J.Lm 
Fig. 4.7 SEM of the film obtained from the electropolymerisation of (E)-2-
styrylthiophene (12) on ITO. 
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H 
10.0 J.Lm 
Fig. 4.8 SEM of the film obtained from the electropolymerisation of (£)-2-
styrylpyrrole (15) on ITO. This cross-section of the film shows the remarkably 
smooth and homogeneous structure. 
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Fig. 4.9 SEM showing growth centres of poly((E)-2-styrylpyrrole (15)) formed 
during the early stages of electropolymerisation on ITO. The total charged passed 
during electropolymerisation was 9.3 mC cm-2. The passage of 1 1 .2 mC cm-2 resulted 
in complete overlap of these growth centres to produce a smooth homogeneous film. 
1 24 
4.2.6 Chemical polymerisation studies 
Chemical polymerisations were carried out in order to produce larger amounts of 
polymer for solid-state NMR and IR spectroscopic studies. Derivatised furan 
monomers (16-18 and 20) were chemically polymerised at the University of the West of 
England (Bristol) (Chapter Two) [ 198]. 
4.2.6.1 Chemical polymerisation of (E)-2-styrylthiophene (12) 
The black powder was found to be totally insoluble in acetone, ethanol, DMSO, 
dichloromethane, THF and toluene. An electrical conductivity of 2xl0-4 S cm-1 was 
obtained compared to that of 4xl0-6 S cm-1 for the electrochemically produced film. 
This improvement may be accounted for by the conductivity measurement technique. 
Exposure of the finely divided material to iodine vapour at atmospheric pressure for 2 h 
did not result in enhanced conductivity. 
4.2.6.2 Chemical polymerisation of (E)-2-(4'-aminostyryl)furan (17) 
The black powder was found to be soluble in ethanol, although removal of solvent in 
vacuo at 50°C lead to appreciable sample decomposition. The electrical resistance of a 
compressed pellet was greater than 20 M.Q. Insufficient amounts of material were 
produced for further characterisation. 
4.2.6.3 Chemical polymerisation of (E)-2-(4'-N,N-dimethylaminostyryl)furan (20) 
In this methylated compound of (E)-2-(4'-aminostyryl)thiophene (17), substituent N­
methyl groups will prevent monomer couplings via the amino group, thus confirming 
whether coupling occurs via the amino substituent. Chemical polymerisation studies of 
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this compound were performed on a much smaller scale and were qualitative in nature, 
due to the small amount of monomer available. Since polymeric material was formed, it 
seems reasonable to suggest that polymer coupling does not occur via the amino 
substituent to any large extent. 
4.2.7 Solid-state spectroscopic studies 
4.2.7.1 X-Ray photoelectron spectroscopy 
As with the poly((E)-3-styrylthiophenes), the XPS spectra of the electrochemically 
synthesised poly((E)-2-styrylheterocycles (12-15)) showed peaks for carbon, chlorine 
(from the dopant perchlorate anion), oxygen and sulphur (and nitrogen in the case of 
polypyrrole and poly((E)-2-styrylpyrrole (15))). The binding energies for these signals, 
together with atomic percentages are summarised in Table 4.2. The binding energies of 
constituent nitrogen and sulphur atoms in poly((E)-2-styrylheterocycles) are almost 
identical to those of polypyrrole and polythiophene, indicative of structural similarities 
between these polymers. Lineshape analysis of the broad C(ls) signal was again 
unsuccessful due to the presence of satellite shake-up peaks. Hence, discussion of the 
results from XPS studies are mainly restricted to broad signal ratios. 
Table 4.3 shows the degrees of doping for the poly((E)-2-styrylheterocycles), as well as 
those of polypyrrole and polythiophene. These values were calculated from the ratio of 
the atomic percentage of the S(2p), or N( l s) ,  peak to that of the Cl(2p), as previously 
described in Chapter Three. From this it can be seen that all the polymers were doped 
with perchlorate anions from the electrolyte, although to a lesser extent than for 
polypyrrole and polythiophene. For example, in the case of the polymer obtained from 
(E)-2-styrylpyrrole (15), one perchlorate anion was incorporated for every six monomer 
units, whereas the degree of doping in polypyrrole of 3. 1 is in close agreement to 
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literature ratios of 2.70 to 3 . 1 2  determined by XPS [ 1 86] and also to the ratio of 3 .03 , 
determined by chemical analysis [ 1 87] . 
Typical of the poly((E)-3-styrylthiophenes), O( l s) signals were observed in the XPS 
spectra of all the polymers. The 0( 1 s) peak at lower binding energy (typically, 532. 10 
to 532.80 e V) corresponds to the oxygen in the dopant perchlorate anion (Chapter 
Three). As with the poly((E)-3-styrylthiophenes), higher binding energy O(l s) signals 
were also observed, attributable to the presence of carbonyl species [ 188]. 
4.2.7.2 Fourier transform and photoacoustic infra-red spectroscopy 
A summary of the FT-IR data of the poly((E)-2-styrylheterocycles) is shown in Table 
4.4. The most important feature observed in these spectra is the presence of saturated 
carbon atoms. These species would decrease the mean conjugation length of the 
polymer causing disruption in inter-chain hopping, offering a contributory explanation 
for the low conductivities observed. The presence of saturated linkages may be 
explained by one or a combination of the following mechanisms which are shown in Fig. 
4. 10. Firstly, while the usual radical cation spin-pairing combination reaction, typical of 
pyrrole, may still occur, the greater stabilisation of the styrylheterocyclic radical cation 
may prevent the subsequent aromatisation step, leading to the formation of saturated 
linkages by cationic polymerisation, Fig. 4. 10(a), initiated by the dimeric cation (21). 
This Lewis acid type cationic polymerisation of the alkene spacer linkage may also be 
initiated by the radical cation (22). Alternatively, the radical cation (22) may attack a 
neutral monomer (23), followed by free radical polymerisation, to produce a polymer 
containing saturated linkages (Fig. 4. 10(b)). However, this process is less likely with an 
electrochemical route, since at the applied potential, the monomers at the electrode 
surface exist predominantly as radical cations. 
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Table 4.2 Summary of XPS data of poly((E)-2-styrylheterocycles), polypyrrole and 
polythiophenea. 
Signal 
S(2p) 
Cl(2p) 
C(l s) 
C( l s) 
C( l s) 
C( l s) 
C(l s) 
N(l s) 
Polypyrrole 
@ N 
H 
Polythiophene 
® s 
Poly 12  Poly 15  
BE 
(eV) 
Atom BE Atom BE Atom BE Atom 
% % (eV) % (eV) % (eV) 
207.85 3.4 
284. 15 13 .9 
285.00 25.6 
286.20 17.5 
288.45 5.7 
29 1 .75 0.9 
400.30 4.7 
1 63.95 10.3 
208.00 3. 1 
285.00 47.2 
285.95 10.6 
287.30 5.9 
288.95 1 .9 
1 64.20 5.6 
207.75 0.8 
284.40 16.8 
285.00 58.9 
286.75 7.5 
29 1 .35 0.03 
207.85 1 .0 
284.35 1 1 .8 
285.00 49.7 
286.20 1 1 .5  
288.30 4.7 
29 1 .45 2.7 
400.55 5.7 
N( l s) 401 . 10 4.2 
N(l s) 
O(l s) 
0(1 s) 
403 .30 1 .8 
532.80 19.9 
534.85 2.3 
532. 10  6.2 
533. 1 5  14.8 
a BE refers to binding energy and Atom % refers to the atomic percentage. 
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532.70 9.5 
535.00 0.9 
532.45 7.8 
533.45 5. 1 
Table 4.3 Degrees of polymer doping for lithium perchlorate doped poly((E)-2-
styrylheterocycles), polypyrrole and polythiophene, determined from the ratio of the 
atomic percentages of the S(2p) peak (N(l s) in the case of polypyrrole and poly 15) to 
that of the Cl(2p) peak in the XPS spectrum. 
Polymer 
polypyrrole 
polythiophene 
poly 12 
pnly_ 15 
Monomer: 
dopant ratio 
3. 1 
3.3 
6.9 
6.0 
Intra-molecular reactions, Fig. 4. 10(c) , may also occur to produce polymers containing 
saturated carbon atoms via the reaction of radical (25). Such cyclisation reactions of 
styrylthiophenes have been widely reported [ 1 99 ,200] . In addition, the longevity of the 
radical cations make them particularly susceptible to attack by trace amounts of oxygen 
and water to produce saturated linkages. 
Peaks corresponding to the nitro substituent, 1 520 cm-I (uN-O asym) and 1350 cm-1 
(uN-O sym), and amino substituent, 3400 cm-I (uN-H asym), 3200 cm-I (uN-H sym) 
and 1580 cm-1 (yN-H), were observed in the spectrum of poly((E)-2-(4'­
nitrostyryl)thiophene (13)) and poly((E)-2-(4'-aminostyryl)thiophene (14)), respectively. 
These signals were observed at exactly the same wavenumber in their corresponding 
monomers, confirming the absence of coupling via these positions. It can also be 
concluded that coupling via phenyl rings does not occur to any significant extent, since 
this would result in shifts in the nitro and amino peaks. 
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Table 4.4 Summary of FT-IR data of poly((E)-2-styrylheterocycles) and 
polythiophene prepared under chemical and electrochemical conditions. 
Monomer 
@ s 
@ s 
@ s 
12 
12 
13 
14 
15 
Polymer 
synthesis 
electrochemical 
doped with C104-
electrochemical 
dedoped 
chemical 
doped with Cl-
electrochemical 
doped with Cl04-
chemical 
doped with Cl-
electrochemical 
doped with Cl04-
e1ectrochemica1 
doped with Cl04-
electrochemical 
doped with Cl04-
Peaks and assignments 
3530 (uO-H), 3290 (uO-H), 1670 (uC=O), 1 620 (uC=C), 
1350 ()'0-H/uC-0), 1 210 (uC=S), 1 100 (uC104-) ,  
1050 (uCl04-), 790 ('yC-H). 
3500 (uO-H), 3250 (uO-H), 3080 (uC-H unsat), 1 675 
(uC=O), 1 630 (uC=C), 1425 (,.0-HiuC-0), 1 365 (uC=S), 
1 220 (uC=S), 1 105 (uCl04-,weak), 1060 (uCl04-,weak), 
790 ()C-H). 
3520-3050 (uO-H), 2930 (uC-H sat), 1675 (uC=O), 1620 
(uC=C), 1520-1 330 (uC=S/)'0-H/uC-0), 1 220 (uC=S), 
1 135, 1 050, 810 ()C-H). 
3645 (uO-H), 3520 (uO-H), 3295 (uO-H), 3095 
(uC-H unsat), 3080 (uC-H unsat), 3020 (uC-H unsat), 
2925 (uC-H sat), 2905 (uC-H sat), 1 945 (weak), 1 880 
(weak), 1 675 (uC=O), 1 600 (uC=C), 1490, 1400 ()'0-H), 
1 280 (uC-0), 1210  (uC=S), 1 100 (uC104-), 1080 
(uCl04-), 800 ()C-H), 755 ()C-H), 700 ()C-H). 
3650-3 1 00 (uO-H), 3080 (uC-H unsat), 3040 
(uC-H unsat), 2930 (uC-H sat), 1965 (weak), 1 895 
(weak), 1 8 1 0  (weak), 1 600 (uC=C),  1495, 1 450- 1 275 
(uC=S/)'0-H/uC-0), 865 ()C-H), 8 1 0  ()C-H), 770 
()C-H), 705 ()C-H). 
3230 (uO-H), 3 1 1 0  (uC-H unsat), 3080 (uC-H unsat), 
2965 (uC-H sat), 2920 (uC-H sat), 2850 (uC-H sat), 1710 
(uC=O), 1655, 1 600 (uC=C), 1510 (uN-O asym), 1430 
(uC=S), 1 360 (uN-O sym), 1 235 (uC-0), 1 100 (uCI04-), 
850 ()C-H). 
3415  (uN-H asym), 3220 (uN-H sym), 2920 (uC-H sat), 
2855 (uC-H sat), 1590 (yN-H), 1400 ()C-N), 1 1 80 
(uC=S), 1095 (uCl04-), 1045 (uCI04-). 
3290 (uN-H), 2965 (uC-H sat), 2920 (uC-H sat), 2850 
(uC-H sat), 17 10  (uC=O), 1650 (uC=C), 1490 (yN-H), 
1415 (uC-N), 1 255 (uC-0), 1 100 (uCI04-), 1 075 
(uCl04-), 760 ()C-H). 
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Fig. 4. 10(a) Proposed cationic polymerisation mechanism for the origin of saturation 
within poly((E)-2-styrylheterocycles) . X represents S ,  NH or 0. 
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Fig. 4. 1 O(b) Proposed free radical polymerisation mechanism for the origin of 
saturation within poly((E)-2-styrylheterocycles) .  X represents S, NH or 0. 
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Fig. 4. 10(c) Proposed intra-molecular coupling mechanism for the origin of saturation 
within poly((E)-2-styrylheterocycles). X represents S, NH or 0. 
In agreement with the XPS data, peaks corresponding to C=O, 0-H and C-0 species 
were observed in the FT-IR spectra of all the polymers investigated, including 
polythiophene. As expected, the extent of these defects was much greater in the 
chemically prepared polymer than in the electrodeposited film, since chemical synthesis 
generally leads to over-oxidation of polymers. 
The photoacoustic IR spectra of the polymers were very similar to the FT-IR spectra, 
although peak shapes were more sharply defined in the former technique and the 
presence of saturated uC-H peaks, at 2930, 2900 and 2850 cm-1 ,  were much more 
obvious. 
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4.2.7.3 Solid-state NMR spectroscopy 
The CPMAS l3C NMR spectrum of the (E)-2-styrylthiophene (12) monomer shows a 
single unresolved peak at 128.43 ppm and two peaks corresponding to the 1 '-phenyl 
and 2-thienyl quaternary carbons at 1 36.87 ppm and 143.67 ppm. 
Figs. 4. l l (a) and (b) show the protonated and non-protonated CPMAS 1 3C NMR 
spectra, respectively, of the polymer obtained from chemical polymerisation. The two 
peaks at 56 and 180 ppm in the protonated carbon spectrum correspond to the spinning 
side bands of the main peak at 1 27 .46 pp m. The signals in both spectra were 
considerably broadened with respect to the monomer as a result of increased numbers 
of carbon atoms in slightly different environments. However, even at this low 
resolution some important features were observed. The protonated carbon spectrum, 
Fig. 4. 1 1  (a), showed significant amounts of saturation at approx. 30-60 ppm, in 
agreement with FT-IR studies. In the non-protonated spectrum, Fig. 4. 1 1 (b), C-0 and 
C=O species were observed at 75-90 ppm and 195-215  ppm, respectively [201 ] ,  in 
agreement with XPS studies. The broad signals in the range of 120- 155 ppm 
correspond to aromatic and heteroaromatic sp2 hybridised carbon atoms bearing 
substituents. 
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Fig. 4. 1 1  
Protonated Carbon 
250 200 
Non-protonated Carbon 
250 200 
127.46 
150 100 
(a) 
abc d 
150 100 
(b) 
saturated 
C-H 
50 
a 145.81 
b 142.48 
c 139.95 
d 1 28.36 
50 
0 
0 
CPMAS 1 3C NMR spectra of the chemically polymerised (E)-2-
styrylthiophene (12): (a) protonated carbon spectrum; (b) non-protonated spectrum. 
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4.3 Conclusions 
Polymeric films with conductivities in the order of 10-6 S cm-1 were produced by 
electro-oxidation of (E)-2-styrylheterocycles. Under the experimental conditions used, 
the films were redox inactive, with similar electrochemical behaviour and properties to 
those of the (E)-3-styrylthiophenes, where a complex polymerisation pathway involving 
crosslinking and/or polymerisation through the alkene spacer linkage was proposed 
[ 193]. However, electropolymerisation of (E)-2-styrylpyrrole (15) produced defect free 
remarkably smooth homogeneous films, showing uniform coverage over centimetre 
dimensions. 
XPS studies showed polymers to be doped with perchlorate anions from the electrolyte, 
albeit to a slightly lesser degree than for polypyrrole and polythiophene. For example, 
in the case of the polymer obtained from ( E)-2-styrylpyrrole (15), one perchlorate anion 
was incorporated for every six monomer units. 
The low conductivities of these polymers, together with the solid-state NMR studies, 
supports the theory of the formation of a crosslinked polymeric matrix causing a 
disruption in the conjugation of the polymer backbone. 
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CHAPTER FIVE 
ELECTROPOLYMERISATION OF HETEROCYCLIC 
(Z)-a.,�-DIARYLACRYLONITRILES 
5.1 Introduction 
In Chapters Three and Four, the electropolymerisation of (E)-3-styrylthiophenes and 
(E)-2-styrylheterocycles was shown to produce redox inactive ftlms of low conductivity 
(approx. lQ-6 S cm-1). This was attributed to a simultaneous crosslinking reaction via 
the alkene spacer linkage, in addition to oxidation of the heterocyclic ring, resulting in a 
disruption in conjugation of the polymer backbone. 
In other studies [202,203] it was found that introduction of a second heterocyclic ring, 
as in (E)- 1 ,2-di-(2-thienyl)ethylene, allowed anodic electropolymerisation, Fig. 5 . 1 ,  to 
produce a polymer of high conductivity (0.5 S cm-1)  with superior electronic 
characteristics to polythiophene. This was attributed to a reduction in both the 
monomer and polymer oxidation potential as a result of the increased co-planarity 
between neighbouring thiophene rings compared to polythiophene itself, which has the 
effect of causing a 0.2 eV elevation in the valence band. However, other studies [204] 
contradict this and have reported low conductivities of approx. lQ-7- l0-10 S cm-t for 
these polymers. In light of the electrochemical behaviour of (E)-3-styrylheterocycles 
and (E)-2-styrylheterocycles (Chapters Three and Four, respectively), it is likely that 
these unexpectedly low conductivities may be a result of alkene crosslinking competing 
with electropolymerisation via the heterocyclic rings, with the reaction pathway being 
highly dependent on the electrosynthetic conditions. 
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Fig. 5 . 1 General schematic of the anodic electropolymerisation of (E)- 1 ,2-di-(2-
thienyl)ethene to produce an electroactive polymer coupled via the a-positions and 
containing alkene spacer linkages. 
Introduction of an electron withdrawing substituent, such as a nitrile group, at the 
alkene spacer linkage might be expected to protect the double bond from electro-
oxidation. Two essential criteria have to be considered in the choice of a suitable 
electron withdrawing group: (i) the substituent must be non-electroactive, and (ii) it 
should also be small enough so as not to disrupt the planarity, and hence the conjugate 
nature of the styrylheterocyclic system. The nitrile group meets both these criteria. As 
typified by (Z)-a-phenyl-�-(2-thienyl)acrylonitrile (28) (Fig. 5.2), the angle of twist 
between the heterocycle and aromatic rings compared to planar (E)-2-styrylthiophene 
(12) is calculated to be only 1 9° [205] . In addition, the substitution of a hydrogen atom 
in the alkene spacer linkage by a nitrile group has been shown to increase the degree of 
conjugation with respect to the parent compound, (E)-2-styrylthiophene (12) [206]. 
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CN 
28 12 
Fig. 5.2 Schematic showing structural similarity between (Z)-a-phenyl-�-(2-
thienyl)acrylonitrile (28) and (E)-2-styrylthiophene (12). 
Given the ability of the nitrile group to suppress alkene oxidation, a wide variety of (Z)­
a,�-diarylacrylonitriles containing one and two heterocyclic rings, exhibiting a range of 
steric and electronic properties, Fig. 5 .3,  were synthesised and their electrochemical 
behaviour investigated via cyclic voltammetry, chronoamperometry and galvanostatic 
techniques. Resultant polymer films were characterised by microscopic and 
spectroscopic techniques. Density functional theory (DFT), discussed in greater detail 
in Chapter Seven, was used to predict monomer coupling positions [ 194] . 
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Fig. 5.3 (Z)-a,p-Diarylacrylonitriles synthesised for electrochemical polymerisation 
studies. 
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5.2 Results and discussion 
5.2.1 Electrochemical polymerisation 
5.2.1.1 (Z)-a,�-Diarylacrylonitriles containing one heterocycle 
Electrochernical data obtained from cyclic voltammetry experiments is summarised 
Table 5 . 1 .  The electrochernical behaviour of the first substituted compound, (Z)-a­
phenyl-�-(3-thienyl)acrylonitrile (26) (Fig. 5.4) differed from that of (E)-3-
styrylthiophene (Chapter Three) [ 1 93] .  Two oxidation peaks were observed at 1 365 
and 1460 m V corresponding to the oxidation of the alkene spacer linkage and thiophene 
ring, respectively. These peaks were identified by varying the anodic potential limit and 
evaluating the effect of repeated cycling coupled with the examination of the electrode 
surface for evidence of polymer growth. When the potential limit was set to 1400 m V, 
the peak currents did not diminish with cycling and no polymer was formed. However, 
on cycling beyond the second oxidation peak, the current densities fell markedly and a 
thin golden film was observed on the electrode surface. The resistance of the alkene 
group to oxidation, reflected by a 335 m V shift in the anodic direction compared to (E)-
3-styrylthiophene (1), can be attributed to the electron withdrawing influence of the 
nitrile substituent, causing a reduction in electron density at the double bond and 
making its oxidation more difficult. In contrast, oxidation of the thiophene ring itself 
occurred at an identical potential to that of (E)-3-styrylthiophene (1). A further 
oxidation peak was seen at 2000 m V, probably the result of oxidation of the polymer 
itself. In addition, a large nucleation loop was observed on the return sweep, indicative 
of polymer deposition, but as with the unsubstituted compounds, no polymer redox 
peaks were present. 
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Table 5 . 1  Summary of electrochemical data of (Z)-a,�-diarylacrylonitriles containing 
one heterocyclic ring (26-33). 
Monomera 
� s 
� s 
I '  / 
26 
E11a (mV 
vs. 
A A +) b 
1 365 
1460 
2000 
27 1 375 
1485 
1 545 
1640 
28C 1 255 
1345 
1 555 
1 890 
29 1280 
30 
31 
32 
33 
1455 
1650 
760 
1220 
1 350 
1 135 
1 255 
1 390 
1040 
1 1 15 
1 175 
1850 
1235 
]pa Film appearance 
(mA cm·2) b 
1 . 10 thin, golden 
1 .00 
2.38 
0.97 
1 .03 
1 . 10 
1 .20 
1 .20 
1 .85 
0.70 
1 .95 
0.53 
0.58 
0.59 
1 .77 
2.20 
1 . 10  
0.96 
0.92 
0.86 
0.96 
0.89 
0.66 
1 .56 
1 .09 
no film apparent 
thick, golden 
inhomogeneous 
no film apparent 
thick, black, homogeneous 
golden sheen 
golden sheen 
no film apparent 
a Electrochemical behaviour of each monomer (0.005 mol dm-3) dissolved in LiCI04 (0.1 mol dm·3yacetonitrile, 
recorded using a three compartment divided cell, under nitrogen at aPt electrode; sweep rate 5 m V s • . 
b data from the first potential scan. 
c redox behaviour observed at 1030 m V on the second scan. 
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Fig. 5 .4 Cyclic voltammogram of (Z)-a-phenyl-�-(3-thienyl)acrylonitrile (26). WE: Pt 
disc (area: 0.385 cm2); monomer cone. : 0.005 mol ctm·3; u=5 mV s·1 ; electrolyte: 0. 1 
mol dm-3 LiClOiacetonitrile; first scan (<D ) , second scan (® ------ ). 
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On first examination, these results are surprising as the presence of a strong electron 
withdrawing nitrile group at the alkene spacer linkage, as in (ZJ-a-phenyl-�-(3-
thienyl)acrylonitrile (26), might be expected to significantly reduce the overall reactivity 
of the double bond, thus preventing coupling reactions via this site. However, 
information on monomer coupling sites can be obtained from DFT calculations [ 1 94], 
Chapter Seven, which show that the 1t-spin density at the 2-position of the thiophene 
ring (0. 1 57) is scarcely reduced compared to that of the parent compound (EJ-3-
styrylthiophene (1) (0. 160) and the 1t-spin population at the 5-position of the thiophene 
ring (0. 101 )  is only slightly increased from that of (EJ-3-styrylthiophene (1) (0.084). 
Although 1t-spin density at the unsubstituted carbon atom of the double bond is reduced 
from 0. 145 to 0. 1 04, this has proved to be insufficient to prevent oxidation and 
subsequent crosslinking of the polymeric matrix. 
In the case of (Z)-a-(3-thienyl)-�-phenylacrylonitrile (27), where the nitrile substituent 
at the alkene spacer linkage is adjacent to the thiophene ring, similar electrochemical 
behaviour to that of (ZJ-a-phenyl-�-(3-thienyl)acrylonitrile (26) was observed (Fig. 5.5, 
Table 5 . 1 ) . However, for this compound peak currents did not change on repeated 
cycling, suggesting formation of soluble rather than polymeric species. This was 
confirmed by the absence of polymer formation on the electrode surface. These results 
suggest the carbon atom in the alkene spacer nearest the thiophene ring to a be an 
important coupling position for polymer formation. (This may also be the case for ( E J-
3-styrylthiophenes and (EJ-2-styrylheterocycles.) 
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Fig. 5.5 Cyclic voltammogram of (Z)-a-(3-thienyl)-B-phenylacrylonitrile (27). WE :  Pt 
disc (area: 0.385 cm2); monomer cone.: 0.005 mol d.m-3; u=5 mV s·1 ;  electrolyte: 0. 1 
mol dm-3 LiClOiacetonitrile; first scan (CD ), second scan (@ ------ ) . 
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The electrochemical behaviour of (Z)-a-phenyl-B-(2-thienyl)acrylonitrile (28, Fig. 5.6) 
differed significantly from that of the 3-substituted analogue (26). The nitrile 
substituent caused the double bond oxidation process to shift 420 mV more anodic 
relative to that of the parent compound (E)-2-styrylthiophene (12). In addition, 
oxidation of the thiophene ring, at 1255 m V, preceded that of the alkene spacer linkage, 
which was observed at 1 345 m V. The sequence of these electrooxidation processes 
was verified by limiting the anodic cycle to the onset of the first oxidation wave and 
investigating the electrochemical behaviour. A golden film, thicker than that observed 
for the 3-substituted analogue (26), was formed on the electrode surface and redox 
behaviour, centred at approximately 1030 mV, could be observed. Since one of the 
thiophene a-positions, normally required for monomer coupling, was blocked by the 
phenylacrylonitrile substituent, it was surprising to see growth of a conducting polymer 
as opposed to dimerisation via the unblocked a-positions. Dimerisation might be 
expected to produce a soluble product which would diffuse away from the electrode 
surface, whereas oxidation of the alkene group would produce an insulating material. 
The conductivity and redox activity of this polymer might be explained by consideration 
of a reaction mechanism whereby the alkene group undergoes a substitution reaction, as 
shown in Fig. 5.7, involving two radical cationic species to produce a highly conjugated 
system. Peaks at higher potentials, 1 555 and 1 890 m V, were not characterised but are 
probably associated with oxidation of the crosslinked film. 
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Fig. 5.7 Proposed mechanism for the electropolymerisation of (Z)-a-phenyl-P-(2-
thienyl)acrylonitrile (28). 
The potentiodynamic response of (Z)-a-(2-thienyl)-P-phenylacrylonitrile (29) was very 
similar to the 3-substituted analogue (27), with no reduction in current density on 
repeated cycling and no polymer formation, supporting the proposal for monomer 
coupling via the alkene spacer carbon atom adjacent to the heterocyclic ring. 
The electrochemical behaviour of (Z)-a-phenyl-P-(2-pyrryl)acrylonitrile (30) showed 
similarities to its thiophene analogue, (Z)-a-phenyl-�-(2-thienyl)acrylonitrile (28), with 
the electro-oxidation of the heterocycle at 760 mV preceding that of the double bond at 
1 220 m V. However, no redox behaviour was observed when the potential was limited 
to that of pyrrole ring oxidation, although a smooth black homogeneous film, similar in 
appearance to polypyrrole, was obtained. 
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The absence of any redox behaviour for this polymer was surprising when compared to 
its thiophene analogue (28). Consideration of the stereochemistry of the polymer that 
might be produced from the equivalent pyrrole based monomer suggests that the proton 
present on the nitrogen in pyrrole might result in some degree of steric hindrance with 
respect to either or both the phenyl and second pyrrole ring. This might result in 
twisting of the polymer resulting in a disruption in coplanarity and hence overall 
conjugation of the system. 
To evaluate the effect of an extended conjugated system, the electrochemical behaviour 
of compounds containing two alkene spacer linkages, namely (Z)-a-(3-thienyl)-�­
styrylacrylonitrile (31) and (Z)-a-(2-thienyl)-�-styrylacrylonitrile (32), were studied. In 
the case of (Z)-a-(3-thienyl)-�-styrylacrylonitrile (31), three oxidation peaks were 
observed at 1 1 35, 1255 and 1 390 mV. The first peak would appear to correspond to 
oxidation of one of the double bonds, since repeated cycling to the onset of this peak 
did not show any change in current density or polymer formation. It is not clear which 
of the latter two peaks are due to oxidation of the thiophene ring. To differentiate 
between these two latter oxidation peaks, the electrochemical behaviour of (E)- 1 ,4-
diphenyl- 1-cyano-( E)-3-butadiene (33), in which the thiophene ring was absent, was 
investigated. For this compound, only one peak at 1 235 mV was apparent which is 
most likely to be that of the unsubstituted alkene linkage, resulting in formation of a 
soluble dimer, as observed for the electrochemical behaviour of (E)-stilbene (11). 
Hence, the oxidation peak at 1 390 m V in (Z)-a-(3-thienyl)-�-styrylacrylonitrile (31) is 
probably that of the thiophene ring. Therefore, despite the extension in conjugation, 
oxidation of both double bonds occur before that of the ring. 
(Z)-a-(2-Thienyl)-�-styrylacrylonitrile (32) showed a similar potentiodynamic response 
to (Z)-a-(3-thienyl)-�-styrylacrylonitrile (31), although all three oxidation peaks were 
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shifted to more negative potentials of 1040, 1 1 15 and 1 175 mV, respectively, which is 
in agreement with the increased conjugation of the 2-heterocyclic derivatives (Chapter 
Four) . On successive cycling, an additional peak at 1 850 mV, corresponding to 
oxidation of the polymeric matrix, was observed. 
5.2.1.2 (Z)-a.,�-Diarylacrylonitriles containing two heterocycles 
The electrochemical behaviour of the (Z)-a..�-diarylacrylonitriles containing two 
heterocycles was significantly different to that of the monoheterocyclic analogues and is 
summarised in Table 5.2. 
(Z)-a.,p-Di-(3-thienyl)acrylonitrile (34) showed very complex electrochemical 
behaviour on repeated cycling (Fig. 5.8), with formation of a thick golden redox 
inactive film. This may be explained in terms of two competing reactions, one involving 
cyclisation and the second, formation of a passivating layer. Observation of the first 
cycle shows two oxidation peaks at 1 225 and 1 325 mV. These peaks may be due to 
successive oxidations of the two thiophene rings, with the small peak separation of 100 
m V being the result of differences in inductive and mesomeric effects caused by the 
nitrile substituent. The dramatic decrease in current observed after the second peak 
may suggest formation of either an insulating layer or alternatively a soluble species 
which diffuses away from the electrode surface. 
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Table 5.2 Summary of electrochemical data of (Z)-a,�-diarylacrylonitriles containing 
two heterocyclic rings (34-39)a. 
Monomer 
�
34 
s 
� 35 s 
� 36 
s 
� 37 
CN 38 � H 
CN 38f � H 
CN 39 � 
Monomer 
oxidation 
Epa 
(mV vs. 
Ag/Ag+) 
b 
1 225 
1 325 
1 220C 
]pa 
(mA 
cm-2) 
b 
1 .92 
2. 1 3  
0.35c 
1 850c 1 .92c 
1 980c 2.00c 
1 1 25 
1 295 
1 145 
1 255 
1070 
1405 
1 755 
645 
1 1 25 
1 370 
640 
1 295 
920 
1 335 
1485 
1 .25 
2.34 
0.44 
0.48 
1 .3 1  
2. 1 5  
0.69 
1 .23 
1 . 1 5 
1 .37 
1 . 1 8  
1 . 1 8  
1 .35 
7. 1 5  
4.45 
Polymer redox behaviour 
Epa 
(mV vs. 
Ag/Ag+) 
c 
790 
405 
440 
6 1 5  
jpa 
(mA 
cm-2) 
c 
0.34 
1 .53 
0.88 
2.00 
Epc 
(mV vs. 
Ag/Ag+) 
b 
-365d 
-30Qe 
545 
325 
- 1 40 
370 
-485 
525 
]pc 
(mA 
cm-2) 
b 
Film 
appearance 
thick, golden, 
inhomogeneous 
0.07e thick, brown, 
inhomogeneous 
0.2 1 
- 1 .03 
-0.55 
0.40 
0.30 
1 .50 
thick, golden, 
inhomogeneous 
thick, black, 
homogeneous 
very thick, 
black, 
homogeneous 
very thick, 
black, 
homogeneous 
thick, black, 
homogeneous 
a Electrochemical behaviour of each monomer (0.005 mol dm-3) dissolved in LiC104 (0.1 mol dm-3)/acetonitrile, recorded using a �ree compartment divided cell, under nitrogen at a Pt  electrode; sweep rate 5 mV s·1 . 
data from the first potential scan. c data from the second potential scan d irreversible reduction of the polymer backbone (not dedoping); data obtained from the sixth potential scan. e negligible current on first scan; data from the third potential scan. 
f electrochemical data obtained from a TBABF 4 (0.1 mol dm -3)/acetonitrile electrolyte. 
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Fig. 5.8 Cyclic voltammogram of (Z)-a,p-di-(3-thienyl)acrylonitrile (34). WE: Pt disc 
(area: 0.385 cm2);  monomer cone. :  0.005 mol ctm·3; u=5 mV s· 1 ;  electrolyte: 0. 1 mol 
ctm·3 LiClOiacetonitrile; first scan (CD ), second scan (@ ------ ), 
fifth scan (@ _._._._._. ), sixth scan (® -· ·-··-· ·-· ·-·· ) , seventh scan (CV . . . . . . . . . . . . .  ) .  
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DFf calculations of the unpaired electron 1t-spin density distribution in the radical 
cation of (Z)-a,�-di-(3-thienyl)acrylonitrile (34), Table 5.3, show that the 'inner' a­
positions of the heterocycle possess the highest 1t-spin populations (0. 1 46 and 0. 1 59) 
and hence reactivity. Therefore, it is reasonable to suppose that intra-molecular spin­
pairing, subsequent to a (Z)�(E) isomerisation reaction [206], with the loss of two 
protons, to produce a fused tricyclic heteroaromatic ring compound may occur, as 
shown in Fig. 5 .9. However, if such a structure was formed it would be expected to 
exhibit redox behaviour and the absence of this suggests a more complex reaction 
sequence, possibly involving coupling with the monomer radical cation produced from 
alkene group oxidation. Thus, on the second cycle, the two peaks appeared to merge 
to form one oxidation peak at 1220 m V of diminished current density. On the third and 
subsequent cycles, an additional peak was seen at 1 825 m V, which may be attributed to 
electro-oxidation of the polymer. The reduction peak at -475 m V may correspond to 
that of the polymer backbone itself, forming an adiponitrile [ 17 1 ] ,  rather than dedoping 
or cationic doping (Fig. 5.9). Peak current densities at 1 825 mV and -475 mV became 
larger on successive cycling, indicative of film growth. 
Table 5 .3 Spin density populations of (Z)-a,�-di-(3-thienyl)acrylonitrile (34), as 
determined by density functional theory (DFT) calculations. 
Radical cation 
N , . . 
6 \ \ , . • 2 
2 ' '  
� 3 '  . 3 I \ , . . 2 ' 
s 
' 
. . 34 
Spin densities P1t 
1 0.064 1 '  0.076 1 "  0.094 
2 0. 146 2' 0. 1 59 2" 0. 1 1 5 
3 0.094 3' 0. 10 1  
4 -0.01 8  4' -0.019 3" -0.0 1 1 
5 0.093 5' 0.097 4" 0.050 
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Fig. 5.9 Proposed mechanism for an electropolymerisation pathway for 
(Z)-a, �-di -(3-thieny l)acrylonitrile (34) . 
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Steric effects were studied by investigating the electrochemical behaviour of (Z)-a-(3-
thienyl)-B-(2'-thienyl)acrylonitrile (35) and (Z)-a-(2-thienyl)-B-(3'-thienyl)acrylonitrile 
(36). The I-V characteristics of these compounds were very similar to one another, and 
to those of (Z)-a,p-di-(3-thienyl)acrylonitrile (34), hence only peak oxidation potentials 
are reported (Table 5.2). As in the case of (Z)-a,p-di-(3-thienyl)acrylonitrile (34), high 
7t-spin populations at the unsubstituted 2-position of the thiophene rings may lead to the 
formation of fused tricyclic heteroaromatic species (Fig. 5 . 10) .  Interestingly, an 
irreversible reduction process was observed at -300 mV for (Z)-a-(3-thienyl)-P-(2'­
thienyl)acrylonitrile (35), but not for (Z)-a-(2-thienyl)-P-(3'-thienyl)acrylonitrile (36). 
Examination of the possible structures from intra-molecular cyclisation reactions show 
that in the latter case, the nitrile group is located in close proximity to the sulphur atom 
of one of the heterocycles. Here, the electrostatic interaction between the sulphur atom 
and the electron cloud of the nitrile group may prevent the reduction of the acrylonitrile 
to form the adiponitrile [ 126] . 
CN 
(a) (b) 
Fig. 5 . 10  Fused tricyclic heteroaromatic compounds formed from the intra-molecular 
cyclisation reactions of (a) (Z)-a-(3-thienyl)-P-(2'-thienyl)acrylonitrile (35) and (b) (Z)­
a-(2-thienyl)-P-(3'-thienyl)acrylonitrile (36). 
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The electrochemical behaviour of (Z)-a,�-di-(2-thienyl)acrylonitrile (37, Fig. 5 . 1 1 ) was 
significantly different to that of (Z)-a,�-di-(3-thienyl)acrylonitrile (34). On the first 
scan, two oxidation peaks at 1070 mV and 1405 mV were observed, together with a 
third less well defined peak at 1755 m V. On the return sweep, a polymer dedoping 
peak was observed at 545 m V, together with a corresponding doping process at 790 
mV on the second cycle. The current densities of the peaks at 1070 and 1405 mV 
increased with cycling, indicative of deposition and growth of an electroactive polymer. 
When the anodic limit was 1 100 m V, the current density of the first peak increased with 
repeated cycling and polymer redox behaviour was observed, confirming the peak at 
1070 m V to be that of oxidation of the thiophene ring. In contrast, only poorly defined 
redox behaviour was observed when the anodic scan was extended to 2 100 mV, 
confirming the peak at 1405 m V to be that of oxidation of the alkene spacer linkage. In 
all cases, however, thick black homogeneous films were produced. 
Replacement of one of the thiophene rings by a pyrrole ring, as in the case of (Z)-a-(2-
thienyl)-�-(2'-pyrryl)acrylonitrile (38), led to a dramatic change in electrochemical 
behaviour (Fig. 5 . 1 2) .  On the first cycle, oxidation peaks were observed at 645, 1 125 
and 1370 mV, the former of which corresponds to that of pyrrole oxidation to its 
radical cation. DFT calculations show the highest 7t-spin density to be located at the 5-
(a-)position of the pyrrole ring (Chapter Seven), indicating the first chemical step may 
be the a,a'-coupling of pyrrole rings to form the dimer. The broad second peak at 
1 125 m V probably corresponds to that of oxidation of thiophene rings in the dimer (and 
higher oligomers), since conjugation is known to reduce the oxidation potential with 
respect to the parent heterocycles. This is also supported by the fact that homogeneous 
black redox-active films were formed on the electrode surface when the anodic cycle 
was limited to 1 125 mV. The peak at 1370 mV corresponds to oxidation of the 
monomeric thienyl ring. 
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Polymer dedoping peaks were observed at 325 and - 140 m V on the return sweep, 
together with a corresponding polymer doping peak at 405 m V on the second cycle. 
The peak separation between polymer doping/dedoping peaks was 80 mV, suggesting 
the doping process to be associated with an electron transfer of 1 .35 electrons. The 
mono mer oxidation peak, previously observed at 645 m V on the first scan, shifted to a 
more positive potential of 725 m V whilst the peak height increased by a factor of four, 
attributable to the formation of an electroactive film. Current densities were also found 
to increase on the return sweep, again, indicative of conductive polymer formation. An 
extremely thick (of almost millimetre thickness) black polymer was formed on the 
electrode surface, the growth of which had spread over the glass surrounds of the 
platinum electrode. 
Similar electrochemical behaviour was observed for (Z)-a-(2-thienyl)-B-(2'­
furyl)acrylonitrile (39, Fig. 5 . 1 3) .  This is perhaps surprising since furans typically 
undergo electropolymerisation at potentials greater than 2200 m V and generally 
produce polymers of low conductivity compared with their pyrrole and thiophene 
analogues [207]. On the first cycle, oxidation peaks at 920, 1 335, and a slight shoulder 
at 1485 mV, were observed. It seems reasonable to assign the first two peaks to 
oxidation of thienyl and furyl rings, respectively, since electro-oxidation of 
unsubstituted heterocycles occur in this sequence and (Z)-a,�-diarylacrylonitriles 
containing one thiophene ring undergo electro-oxidation at approx. 1000 m V. 
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On the return sweep, a polymer dedoping peak at 525 m V was observed, together with 
a corresponding polymer doping peak at 6 15  mV on the second cycle. The peak 
separation between polymer doping/dedoping peaks was 90 m V, suggesting a reduction 
in redox-reversibility compared to the pyrrole analogue (�EP=Epa-Epc=70 mV). This is 
not surprising since polyfuran films are generally more inferior to those of polypyrrole 
and polythiophene [207] . As with (Z)-a-(2-thienyl)-P-(2'-pyrryl)acrylonitrile (38), the 
current densities of all the peaks increased on subsequent cycles, indicative of the 
formation of an electroactive film. A very thick black polymer, very similar in 
appearance to the polymer formed from (Z)-a-(2-thienyl)-P-(2'-pyrryl)acrylonitrile (38), 
was formed on the electrode surface. 
5.2.2 Effect of electrosynthetic conditions 
As with the (E)-3-styrylthiophenes and (E)-2-styrylheterocycles [ 193,208], film 
properties and characteristics were unaffected by variations in monomer concentrations 
over the range 0.005 to 0.05 mol dm-3. This is in contrast to the concentration 
dependent electrochemical behaviour of thiophene and pyrrole [ 177, 178]. 
Films could be grown under constant current, constant potential and potentiodynarnic 
conditions. In the case of (Z)-a,J3-diarylacrylonitriles containing one heterocycle, 
growth under constant potential conditions showed a rapid decrease in current with 
time, suggesting the formation of a passivating layer on the electrode surface. In 
contrast, however, chronoamperograms for (Z)-a,J3-diarylacrylonitriles containing two 
heterocycles showed an increase in current with time, indicative of the formation of an 
electroactive polymer. 
Thin films from the monoheterocyclic (Z)-a,J3-diarylacrylonitriles could only be grown 
potentiodynarnically using low sweep rates (5 m V s-1) . However, for the diheterocyclic 
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analogues, polymers could be successfully grown over a wide range of sweep rates ( 5-
500 mV s-1) ,  although more uniform films were observed using lower transient 
conditions (5- 10  m V s-1). 
Similar electrochemical behaviour was observed in a number of solvents, such as 
acetonitrile, dichloromethane, ethanol, propylene carbonate and nitrobenzene, although 
the most homogeneous films were obtained from acetonitrile and dichloromethane. As 
with the styrylthiophenes, no films were produced from propylene carbonate or 
nitrobenzene solvents and only one broad oxidation wave was observed due to the 
lower heterogeneous electron transfer rates of these highly viscous solvents [ 1 80] . 
Changing the electrolyte from LiC104 to TBABF4 did not significantly affect the 
electrochemical behaviour or resultant film properties of the (Z)-a,�-diarylacrylonitriles. 
However, in the case of (Z)-a-(2-thienyl)-�-(2'-pyrryl)acrylonitrile (38), replacement of 
the LiC104 based electrolyte with TBABF4 caused a shift in the polymer redox peak 
separation (�EP=Epa-Epc) from 80 mV to 70 mV, attributable to the greater mobility of 
the smaller BF 4- anion. 
5.2.3 Film characteristics and morphology 
All the films could be removed by abrasion, but were insoluble in acetonitrile, ethanol, 
dichloromethane, THF and toluene. Films formed from the electropolymerisation of 
(Z)-a,�-diarylacrylonitriles containing one heterocyclic ring exhibited low conductivities 
of the order of IQ-6 S cm-1 and showed no redox behaviour. No enhancement in 
conductivity was observed when films were placed in an atmosphere of iodine for 24 h. 
However, poly((Z)-a-(2-thienyl)-�-(2'-pyrryl)acrylonitrile (38)) and poly((Z)-a-(2-
thienyl)-�-(2'-furyl)acrylonitrile (39)) showed conductivities of 1 .4x10-4 S cm-1 and 
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2.6xl04 S cm-1, respectively. The higher conductivities of these materials is probably 
the result of a higher degree of a,a'-monomer couplings as predicted from DFf 
calculations (Chapter Seven). In contrast, however, poly((Z)-a,�-di-(2-
thienyl)acrylonitrile (37)) only exhibited a conductivity of l .Oxl0-6 S cm-1 ,  a value 
comparable to that of the monoheterocyclic ring analogues. The lower conductivity of 
this film compared to the pyrrole (38) and furan (39) derivatives might be expected, 
since DFT calculations on the radical cation of 34 show considerably higher 1t-spin 
populations at the alkene spacer linkage compared to the pyrrole and furan derivatives. 
This would inevitably result in a higher degree of crosslinking and concomitant 
reduction in conductivity. A more detailed discussion of the application of DFf 
calculations in predicting the extent of conjugation in conducting polymers is given in 
Chapter Seven. 
Topological investigations using SEM showed the films grown from (Z)-a,�­
diarylacrylonitriles containing one heterocycle to have honeycomb-like structures (Fig. 
5 . 14), in contrast to the nodular topology typical of polypyrrole, polythiophene and 
polystyrylthiophenes [ 193,208] .  Film topologies of the poly((Z)-a,�­
diarylacrylonitriles) containing two heterocyclic rings were highly dependent on the 
types of heteroatom present. For example, films from (Z)-a,�-di-(3-thienyl)acrylonitrile 
(34) and (Z)-a,�-di-(2-thienyl)acrylonitrile (37) showed similar nodular features, 
whereas a honeycomb surface was observed for poly((Z)-a-(2-thienyl)-�-(2'­
pyrryl)acrylonitrile (38)), with extensive raised dendritic structures branching across the 
entire surface (Fig. 5 . 1 5). Similar features were observed for poly((Z)-a-(2-thienyl)-�­
(2'-furyl)acrylonitrile (39)), Fig. 5. 16, and are probably due to unidirectional growth of 
the polymer via the a,a'-linkages, supported by DFT calculations (Chapter Seven). 
The absence of these features from poly((Z)-a,�-di-(2-thienyl)acrylonitrile (37)) may be 
explained by an increase in 1t-spin density at the alkene spacer linkage, resulting in 
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crosslinking rather than fully unidirectional polymer growth. These aspects are 
addressed in Chapter Seven, where DFf calculations are discussed in greater depth. 
10.0 J.Lm 
Fig. 5 . 14  SEM of the film formed from the electropolymerisation of (Z)-a-phenyl-�-(2-
thienyl)acrylonitrile (28) on ITO. 
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100.0 Jlm 
(a) 
10.0 Jlm 
(b) 
Fig. 5 . 1 5  SEM of the film formed from the electropolymerisation of (Z)-a-(2-thienyl)­
�-(2'-pyrryl)acrylonitrile (38) on ITO. 
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100.0 �m 
(a) 
10.0 Jlm 
(b) 
Fig. 5 . 16  SEM of the film formed from the electropolymerisation of (Z)-a-(2-thienyl)­
�-(2'-furyl)acrylonitrile (39) on ITO. 
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5.2.4 Solid-state spectroscopic studies 
5.2.4.1 X-Ray photoelectron spectroscopy 
Peaks for carbon, chlorine (from the dopant perchlorate anion), oxygen and sulphur 
(and nitrogen in the case of polypyrrole and poly 38) were observed in the XPS spectra 
of all the electrochemically synthesised poly((Z)-a,�-diarylacrylonitriles). Tables 5.4 
and 5.5 show the XPS data of the poly((Z)-a,�-diarylacrylonitriles) containing one and 
two heterocycles, respectively. XPS data for polypyrrole and polythiophene is also 
recorded in Table 5.5 for reference purposes, although these spectra have been 
discussed in Chapter Three. 
In contrast to the poly((E)-styrylheterocycles), lineshape analysis of the broad C(ls) 
peak for the poly((Z)-a,�-diarylacrylonitriles) successfully resolved this signal into 
peaks corresponding to carbon covalently bonded to different atoms, e.g. C-C, C-S, 
C-N, CN, C-0 and C=O. In all cases, the ratios of the C( l s) (C-N):S(2p) and C(l s) 
(C-S) :S(2p) peaks suggested integrity of the heterocyclic rings after 
electropolymerisation. As expected, all the polymers contained one nitrile group per 
monomer unit. 
Two types of sulphur were found in the XPS spectra of poly((Z)-a,�-di-(3-
thienyl)acrylonitrile (34)) ,  poly((Z)-a.�-di-(2-thienyl)acrylonitrile (37)) and poly((Z)-a­
(2-thienyl)-�-(2'-pyrryl)acrylonitrile (38)). In the former two films, this might well be 
expected since each monomer contains two inequivalent sulphur atoms. However, in 
each polymer, the ratio of these sulphur peaks were 5.3 and 6.0, respectively, rather 
than 1 .0, suggesting some other explanation for their occurrence. The two sulphur 
peaks may be due to some sulphur atoms being closer to anion sites and therefore 
occurring at different binding energies. 
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Table 5.4 Summary of XPS data of polypyrrole, polythiophene and poly((Z)-a,�­
diarylacrylonitriles) containing one heterocyclic ringa. 
Polypyrrole Polythiophene 
® N @ s 
H 
Poly 28 Poly 32 
I \  
s 
CN 
/ / ' 1 /  
Signal BE 
(eV) 
Atom BE Atom BE Atom BE Atom 
% % (eV) % (eV) % (eV) 
S(2P312) 
Cl(2P312) 
C(1 s) (C-C) 
C(l s) (C-C) 
C(1 s) (C-C) 
207.85 3.4 
284. 1 5  13 .9 
285.00 25.6 
286.20 17.5 
C(l s) (C-C) 288.45 5.7 
C(l s) (C-C) 291 .75 0.9 
C(l s) (C-S) 
C(1 s) (CN) 
C( l s) (C=O) -
N( l s) (CN) 
N(1 s) 400.30 4.7 
N(l s) 401 . 10 4.2 
N(l s) 
(CH3CN) 
In(3d512) 
0(1 s) 
O(l s) 
403.30 1 .8 
532.80 19.9 
534.85 2.3 
1 63.95 103 
208.00 3. 1 
285.00 47.2 
285.95 10.6  
287.30 5 .9 
288.95 1 .9 
532. 10  6.2 
533. 1 5  14. 8  
a BE refers to binding energy and Atom % refers to the atomic percentage. 
1 68 
1 64.30 5.2 
207.65 0.4 
285.00 54.3 
285.70 10.4 
286.70 5.2 
288. 1 5  8.9 
399.50 4. 1 
401 .00 1 .3  
402.95 0.6 
455.80 0. 1 
532.45 5.2 
533.75 4.5 
1 64.50 3.4 
208.85 1 .3 
285.00 4 1 . 1  
285.65 7. 1 
286.60 3.5 
287.40 1 6.3 
400. 10 4.8 
403.35 1 .5 
445.20 0.2 
532.65 10.2 
533.80 10.5 
Table 5.5 Summary of XPS data of poly((Z)-a,�-diarylacrylonitriles) containing two 
heterocyclic ringsa. 
Signal 
S(2P312) 
S(2P312) 
Cl(2p3n) 
Cl(2P312) 
C(1 s) (C-C) 
C(l s) (C-S) 
C(l s) (C-N) 
C( 1 s) (CN) 
C(l s) (C-0) 
C(l s) (C=O) 
N(1 s) (CN) 
N(l s) (C-N) 
Poly 34 Poly 37 Poly 38 Poly 39 
CN CN 
� N � 0 
H 
BE 
(eV) 
Atom BE Atom BE Atom BE Atom 
% % (eV) % (eV) % (eV) 
1 64.60 4.8 
168.85 0.9 
209.20 0.3 
285.00 28.0 
285.60 19.2 
286.45 4.9 
288.45 14. 1 
400. 10  3.3 
1 64.35 8.4 
1 67.50 0.7 
207.70 0.6 
209.00 2.4 
285.00 28.3 
285.60 1 5.4 
286.65 4.4 
287.85 1 1 .0 
399.60 4.6 
1 64.45 3. 1 
1 66.75 0.5 
207.35 1 . 1  
208.85 4.5 
285.00 20.5 
285.50 6.9 
285.75 6.9 
286.40 3.5 
164.40 4.2 
208. 1 5  0.7 
285.00 3 1 .5 
285.50 10.3 
286.40 5.7 
286.55 10.4 
288.60 1 2.9 
399.70 5.3 
N( 1 s) (CH3CN) 403.00 1 .7 403.20 4. 1 
446.50 0.2 
532.65 5 .2 
533.95 14.6 
287.55 1 5.4 
399.85 3.7 
401 . 10  3 .6 
403.25 1 .2 
455.85 0.9 
533.05 1 1 .8  
533.80 1 6.4 
402.80 0.8 
In(3ds/2) 
0(1 s) 
O(l s) 
532.50 1 2.7 
533.90 10. 1 
a BE refers to binding energy and Atom % refers to the atomic percentage. 
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532.75 9.6 
534.25 8.5 
This may also explain the presence of two sulphur signals in poly((Z)-a.-(2-thienyl)-�­
(2'-pyrryl)acrylonitrile (38)) where only one thiophene ring per monomer unit is present. 
However, the interpretation of XPS lineshapes in sulphur-containing heteroaromatic 
polymers is known to be complicated [ 1 85]. 
As with the polystyrylheterocycles [ 1 93 ,208], the degrees of polymer doping were 
obtained from the ratios of the atomic percentages of the S(2p) peak, or N(l s) in the 
case of polypyrrole, to that of the Cl(2p) peak. The latter occurred in the range 207.35 
to 209.20 eV and is typical of the perchlorate anion [ 186]. Interestingly, two Cl(2p) 
peaks were observed for poly((Z)-a.,�-di-(2-thienyl)acrylonitrile (37)) and poly((Z)-a­
(2-thienyl)-�-(2'-pyrryl)acrylonitrile (38)) ,  whereas only one type of chlorine was 
observed for the furan analogue, poly((Z)-a.-(2-thienyl)-�-(2'-furyl)acrylonitrile (39)). 
The presence of two chlorine signals may be due to perchlorate anions existing in 
different environments. Table 5.6 shows the degrees of polymer doping for the (Z)­
a.,�-diarylacrylonitriles, as well as those of polypyrrole and polythiophene. All the 
polymers were doped with perchlorate anions from the electrolyte, although (Z)-a.,�­
diarylacrylonitriles containing one heterocycle were generally doped to a lesser extent 
than polypyrrole and polythiophene. For example, in poly((Z)-a.-phenyl-P-(2-
thienyl)acrylonitrile (28)), one perchlorate anion was incorporated for every thirteen 
monomer units, compared to three to four in the case ofpolypyrrole [ 1 85]. 
In contrast, the (Z)-a.,�-diarylacrylonitriles containing two heterocycles were 
significantly more doped than their monoheterocyclic analogues. In the cases of 
poly((Z)-a.,�-di-(2-thienyl)acrylonitrile (37)) and poly((Z)-a.-(2-thienyl)-P-(2'­
pyrryl)acrylonitrile (38)), one perchlorate ion was incorporated for every 0.6 and 1 .40 
mono mer units, respectively. These high dopant concentrations are even greater than 
those typically found in unsubstituted polypyrrole and polythiophene. 
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As with the polystyrylheterocycles, O( l s) signals were observed in the XPS spectra of 
all the poly((Z)-a,�-diarylacrylonitriles). The O( l s) peak at lower binding energy 
(typically, 532. 10  to 533.05 eV) corresponds to the oxygen in the dopant perchlorate 
anion, and the signal at higher binding energy in many of the polymers, attributable to 
covalent C-0 or C=O bonds originating from reactions between radical cations and 
oxygen or water during electropolymerisation [ 188]. 
As in the case of poly((E)-2-styrylthiophene (1)) (Chapter Three) [208], an N( l s) signal 
corresponding to the incorporation of acetonitrile, probably as a solvation sheath 
around the dopant anion, was observed in the spectra of all the poly((Z)-a,�­
diarylacrylonitriles). 
5.2.4.2 Fourier transform infra-red spectroscopy 
Ff-IR data of polythiophene and the film obtained from the electropolymerisation of 
(Z)-a-(2-thienyl)-�-(2'-pyrryl)acrylonitrile (37) is summarised in Table 5.7. In the latter 
polymer, N-H stretching vibrations at 3565 and 3520 cm-1 indicate that pyrrole rings in 
the polymer remain protonated subsequent to electropolymerisation similar to 
polypyrrole. Interestingly, three different signals were observed for the nitrile group, 
suggesting the substituent to exist in three different chemical environments. These may 
be due to breaks in conjugation caused by the presence of oxygenated species, since 
XPS studies show each monomer unit in the polymer contains only one nitrile 
substituent and DFf calculations suggest the alkene spacer linkage to be unreactive 
(Chapter Seven) [ 194] . This is further supported by the presence of ')'O-H/uC-0 signals 
at 1 540 and 1 300 cm-1 and a uC=O peak at 1630 cm-1 ,  which are also present in 
polythiophene ( 1 350 cm-l (')'0-H/uC-0) and 1670 cm-I (uC=O)). As with the 
polystyrylheterocycles, peaks corresponding to the uO-Cl arising from the dopant 
perchlorate anion were observed at 1090 and 1060 cm-1 . 
1 7 1  
Table 5.6 Degrees of polymer doping for lithium perchlorate doped polypyrrole, 
polythiophene and poly((Z)-a,�-diarylacrylonitriles), determined from the ratio of the 
atomic percentages of the S(2p) peak (N(l s) in the case of polypyrrole) to that of the 
Cl(2p) peak in the XPS spectrum. 
Monomer 
® N H 
@ s 
C N  
Monomer: 
dopant 
ratio 
41 3 . 1  
42 3.3 
28 1 3 .0 
32 2.6 
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Mono mer Monomer: 
dopant 
ratio 
34 9.5 
37 1 .5 
,_, 
, JN /s, 
38 o.6 
(!_� N I H 
,_, 
, IN /s, 
39 6.0 
(!_� 0 
Table 5.7 Summary of FT-IR data of films electrochemically polymerised from (Z)-a­
(2-thienyl)-�-(2'-pyrryl)acrylonitrile (38) and thiophene. 
Signal (cm-1) Assignment 
Poly 38 Polythiophene 
3565 uN-H 
3530 uO-H 
3520 uN-H 
3290 uO-H 
2375 uCN 
2330 uCN 
2205 uCN 
1630 1670 uC=O/yN-H 
1600 1 620 uC=C 
1 540 yO-H/uC-0 
1400 uC-N 
1 300 1350 yO-H/uC-0 
1 225 1 2 10 uC=S 
1090 1 100 uclo4-
1050 1050 ucio4-
10 15  )C-H 
955 )C-H 
905 )C-H 
870 )C-H 
790 )C-H 
5.3 Conclusions 
(Z)-a,�-Diarylacrylonitriles containing one heterocyclic ring were found to undergo 
anodic electropolymerisation to produce thick and adherent polymeric films. In most 
cases, electrooxidation of the alkene spacer linkage preceded that of the heterocyclic 
ring resulting in a simultaneous crosslinking reaction, causing a disruption in 
conjugation of the polymer backbone and thus forming redox-inactive polymers of low 
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conductivity, 10-6 S cm-1 •  DFf calculations of monomeric radical cations showed 
unpaired electron 1t-spin density to be distributed almost equally between the 
heterocyclic ring and alkene spacer linkage, accounting for the crosslinking reactions 
via the double bond occurring during electropolymerisation. 
In contrast, however, electropolymerisation of (Z)-a,�-diarylacrylonitriles containing 
two heterocyclic rings produced redox active polymers of enhanced conductivities, of 
the order of 104 S cm-1 • DFT calculations of these monomeric radical cations showed 
the presence of very high 1t-spin density populations at both a-positions of the 
heterocyclic rings, and only very low 1t-spin at the alkene spacer linkage. These 
calculations were supported by the absence of an oxidation signal corresponding to that 
of oxidation of the double bond in the cyclic voltammograms of these compounds. 
Very high levels of doping were found for poly((Z)-a,�-di-(2-thienyl)acrylonitrile (37)) 
and poly((Z)-a-(2-thienyl)-�-(2'-pyrryl)acrylonitrile (38)), with one perchlorate ion 
being incorporated for every 0.6 and 1 .40 monomer units, respectively. These high 
dopant concentrations are even greater than those typically found in unsubstituted 
polypyrrole and polythiophene. 
Films obtained from the electropolymerisation of (Z)-a-(2-thienyl)-�-(2'­
pyrryl)acrylonitrile) (38) and (Z)-a-(2-thienyl)-�-(2'-furyl)acrylonitrile) (39) were found 
to possess extensively raised dendritic structures branching across the entire surface and 
are thought to be due to unidirectional polymer growth via the a,a'-linkages. These 
aspects are considered further in Chapter Seven, where DFT calculations are discussed 
in greater depth. 
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CHAPTER SIX 
ELECTROSYNTHESIS AND CHARACTERISATION OF 
STERICALLY HINDERED POLYHETEROCYCLES 
6.1 Introduction 
The stereochemistry of heterocyclic monomers can significantly affect the electrical and 
physical properties of conducting polymers [38] . For example, the conductivity of 
poly(3-methylthiophene) is greater than that of polythiophene synthesised under 
identical conditions (cr: 450-5 10  S cm-1 compared to 270 S cm-1 )  [55] because the 
methyl substituent reduces the incidence of defect a,�·- and �.W-linkages, which are 
known to cause breaks in the mean conjugation length (Chapter One). 
It might be argued that the introduction of a second methyl group at the remaining �­
position may result in a polymer with even higher conductivity. However, a reduction 
in conductivity ( cr: 10-50 S cm-1 )  is observed [207], due to steric hindrance between 
neighbouring methyl groups which disrupts the planarity of the delocalised 7t-system. 
Many electroactive polymers have been chemically or electrochemically synthesised 
from 3-substituted thiophenes, such as poly(3-alkylthiophenes) [ 1 6 1 , 1 63 ,208] and 
poly(3-alkoxythiophenes) [ 1 64, 165], in order to investigate the effect of substituents on 
conductivity and solubility. However, very few reports concerning the electrochemical 
polymerisation of 2-substituted thiophenes have been made. This is understandable, 
since substituents in the 2-position block the a-positions of the thiophene ring normally 
required for monomer coupling. However, the electrochemical behaviour of some 2-
substituted pyrroles, including 2,5-dimethylpyrrole, has been reported, although only 
soluble �$-linked dimers were produced, which were uncharacterised, and no 
polymeric films were electrodeposited [209,2 10] .  
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In Chapter Four, it was found that homogeneous ftlms, although of rather low 
conductivity ( 10-6 S cm-1), could be produced from the electropolymerisation of (E)-2-
styrylheterocycles. This was surprising, since one of the a-positions of the heterocyclic 
ring was blocked by the substituent styryl group. 
In this Chapter, the electropolymerisation of two sterically hindered heterocyclic 
compounds are investigated. The first, 2,5-dimethylthiophene, provides an interesting 
example, since both a-positions, normally required for coupling and high conductivity, 
are blocked by substituent methyl groups [21 1 ] .  Therefore, polymerisation should only 
occur through the �-positions of the thiophene ring, as shown in Fig. 6. 1 ,  providing an 
example of a polythiophene coupled via the �-positions. 
n 
Fig. 6. 1 Proposed idealised structure of the polymer formed from the 
electropolymerisation of 2,5-dimethylthiophene. 
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The second, 1 , 1 ', 1 ", 1 '"-silanetetrayltetrakis-JH-pyrrole (40) consists of a central silicon 
atom, tetrahedrally co-ordinated to four pyrrole rings via the pyrrole nitrogen atoms 
(Fig. 6.2). This compound has been used as an intermediate for chemical syntheses of 
3-substituted pyrroles, since the more reactive 2-positions are sterically hindered [212] .  
Thus, similar to  the case of  2,5-dimethylthiophene, electropolymerisation would be 
expected to occur via the �-positions of the pyrrole rings. 
Fig. 6.2 Structure of 1 , 1 ', 1 ", 1 "'-silanetetrayltetrakis-JH-pyrrole (40). 
6.2 Results and discussion 
6.2.1 Electropolymerisation of 2,5-dimethylthiophene 
6.2.1.1 Electrochemical and microscopic studies 
The electrochemical behaviour of 2,5-dimethylthiophene is shown in Fig. 6.3. As the 
potential was swept in an anodic direction, the onset of a broad oxidation wave was 
observed at 1050 mV. At this potential, a stream of intensely orange/brown coloured 
species was observed diffusing away from the electrode surface which resulted in a 
permanent colour change of the electrolyte solution after a few cycles. The formation 
of such streaming coloured species has been observed in many other studies and has 
been attributed to stabilised radical cations or short chain oligomers [38] . In the present 
case, as expected, the electron-donating methyl substituents produce a decrease in 
monomer oxidation potential [ 1 76, 1 93] and a stabilisation of the corresponding radical 
cations which are then able to diffuse away from the electrode surface to form soluble 
oligomers. 
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Fig. 6.3 Cyclic voltammogram of 2,5-dimethylthiophene. WE: Pt disc (area: 0.385 
cm2); monomer cone. :  0. 10 mol ctm·3; u=50 mV s·1 ;  electrolyte: 0. 1 mol dm-3 
TBABF iacetonitrile; first scan ( ), second scan ( ------ ), 
third scan ( _._._._._. ) , fourth scan ( . . . . . . . . . ) .  
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On the fourth sweep, a current cross-over in the cyclic voltammogram, characteristic of 
a nucleation process, was observed. However, with repeated cycling, the peak currents 
decreased. When the electrode was removed from the electrolyte and rinsed in 
acetonitrile, a thick purple/black deposit was observed on the electrode surface, but no 
redox behaviour was exhibited, in contrast to polypyrrole and polythiophene. 
Similar electrochemical behaviour was seen on both ITO glass and Pt electrodes, but 
smoother and more adherent films could be grown on the latter surface. This correlates 
with the substrate dependent electrodeposition of polypyrrole and polythiophene where 
growth on Pt is reported to be more favourable than on ITO glass by a factor of about 
ten [ 1 84]. This is probably a result of the catalytic properties of Pt which generate 
many nucleation sites for polymer initiation resulting in a finer grain size with improved 
growth characteristics. 
Irrespective of substrate, a fllm conductivity of I0-6 S cm-1 was measured. No 
enhancement in conductivity was observed when the film was placed in an atmosphere 
of iodine for 24 h. The films could be removed by abrasion, but were insoluble in the 
usual organic solvents, e.g. acetone, ethanol, dichloromethane, THF and toluene. Figs. 
6.4(a) and (b) show SEM images of the polymer on ITO glass. A nodular-like 
topology, which closely resembled that of polythiophene (Fig. 3 . 1 1  (b)) and polypyrrole 
(Fig. 6.5), was observed. 
179 
I �· �! :- ' ' ' 
l .O Jlm 
(a) 
_, - .. 
-
1 0.0 Jlm 
(b) 
Fig. 6.4 SEM images of the film obtained from the electropolymerisation of 2,5-
dimethylthiophene under potentiodynamic conditions on ITO glass. 
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Fig. 6.5 SEM of polypyrrole obtained under potentiodynamic conditions on ITO glass. 
1 8 1  
6.2.1.2 X-Ray photoelectron spectroscopy studies 
As expected, peaks for carbon, chlorine, oxygen and sulphur were observed in the XPS 
spectrum of poly(2,5-dimethylthiophene). The binding energies for these peaks, 
together with atomic percentages and reference data for polypyrrole and polythiophene 
(Chapter Three) are summarised in Table 6. 1 .  Lineshape analysis was unsuccessful in 
resolving the broad C( l s) peak due to the presence of satellite shake-up peaks, as 
discussed in previous chapters. 
The degree of doping was calculated from the ratio of the atomic percentages of the 
S(2p) peak to that of the Cl(2p) peak. The degree of doping for poly(2,5-
dimethylthiophene) was thus calculated to be 3.9 monomer units per dopant anion, a 
value comparable to those of 3. 1 and 3.3 for polypyrrole and polythiophene, 
respectively (Chapter Three). 
As with all the previous XPS studies, 0( 1 s) signals were observed in the XPS spectrum 
of each poly(2,5-dimethylthiophene). The 0(1 s) peak at lower binding energy (532.75 
e V) corresponds to the oxygen in the dopant perchlorate anion, whereas the higher 
binding energy O(l s) signal (534.00 eV) can be attributed to carbonyl species (Chapter 
Three) . 
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Table 6. 1 XPS data of polypyrrole, polythiophene and poly(2,5-dimethylthiophene) 
films doped with lithium perchlorate. 
Polypyrrole Polythiophene Poly(2,5-dimethyl-
thiophene) 
Signal Binding Atom % Binding Atom % Binding Atom % 
energy energy energy 
(eV) (eV) (eV) 
S(2p) - - 163.95 10.0 1 64. 1 5  6.6 
Cl(2p) 207.85 3.4 208.00 3.0 208. 1 5  1 .7 
C( 1 s) 284. 1 5  1 3.9 - - - -
C(l s) 285.00 25.6 285.00 45.8  285.00 38.2 
C( 1 s) 286.20 17 .5 285.95 10.3 285.70 3 1 .9 
C(1 s) 288.45 5.7 287.30 5.7 287.75 3.7 
C(l s) 29 1 .75 0.87 288.95 1 . 8  - -
N(l s) 400.30 4.7 - - - -
N(l s) 401 . 10 4.2 - - - -
N( ls) 403.30 1 . 8  - - - -
O(ls) 532.80 19.9 532. 10  6.0 532.75 9.7 
O(l s) 534.85 2.3 533. 1 5  14.4 534.00 6.6 
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6.2.1.3 Molecular modelling studies 
DFI' calculations of heterocyclic radical cations have shown strong correlations 
between the distribution of positive 1t-spin density in the monomeric radical cations and 
the site of electrochemical polymerisation (Chapters Four and Five) [ 194,208] . High 
unpaired 1t-spin densities were observed at the a-positions of the pyrrole and thiophene 
radical cations (Table 6.2), consistent with electropolymerisation largely through the 
a,a'-linkages. To confirm the coupling positions in poly(2,5-dimethylthiophene), DFT 
calculations were also applied to the radical cation of 2,5-dimethylthiophene (Table 
6.2). As expected, higher positive 1t-spin densities were seen at the P-positions (0. 107) 
than at the methyl carbon atoms (0.014), confirming p,pt-linkages to be the 
predominant couplings in the resultant polymer. 
Geometry optimisations, using a molecular mechanics program [ 153], of the tetramers 
of thiophene and 2,5-dimethylthiophene were carried out in order to evaluate the 
influence of steric interactions on conductivity for polythiophene and poly(2,5-
dimethylthiophene). The tetramer of thiophene was found to be completely planar, 
whereas the tetramer of 2,5-dimethylthiophene was drastically distorted from planarity 
as a result of steric hindrance between neighbouring methyl groups. Such a large 
deviation from planarity would reduce the degree of 1t-orbital overlap, resulting in a 
shortening of the effective mean conjugation length and a reduction in conductivity, as 
was indeed observed. 
A contributory reason for the low conductivity, may also be the degree of conjugation 
through the p,pt-linkage itself. Hiickel molecular orbital calculations on planar dimers 
of a,a'-bithiophene and p,pt-bithiophene show that the 1t-bond order of the bridging 
C-C bond of a,a'-bithiophene to be 0.43, whereas that for p,pt-bithiophene was 0.35. 
Therefore, extending these investigations to the polymer, the conjugation length in 
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poly(2,5-dimethylthiophene) would be considerably reduced compared to 
polythiophene, even if the former polymer had a planar configuration. 
Table. 6.2 Spin density distributions of pyrrole, thiophene and 2,5-dimethylthiophene 
radical cations, obtained from DFf calculations. 
Radical cation 
4 3 
5 0 2 N 1 I 
H 
4 3 
5 0 2 s 
4 3 
;l!JK C H 3  S C H 3  
2 ' ' 1 ' ' 
Position Spin densities Pn 
1 -0.042 
2 0.465 
3 0.092 
4 0.092 
5 0.465 
1 -0.037 
2 0.456 
3 0.098 
4 0.098 
5 0.456 
1 -0.030 
2 0.350 
3 0. 1 07 
4 0. 107 
5 0.350 
1 "  0.0 14 
2" 0.014 
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6.2.1.4 Oligomer characterisation 
As previously discussed, coloured species streaming from the electrode surface were 
observed during electro-oxidation. These are thought to be stable radical cations or 
short chain oligomers [38] . However, such species have never been fully characterised, 
although dimers and trimers of 2,5-dimethylthiophene have been identified from 
photolysis in trifluoroacetic acid [21 3] .  ESR spectroscopy of the dimer showed a 
strong spectrum consisting of a septet of septets, suggesting an unsymmetrical 
conformation, but these species were otherwise uncharacterised. A recent report also 
describes the identification of soluble oligomeric species formed during the 
electropolymerisation of aniline using electrochemical thermospray mass spectrometry 
[214] .  
Fig. 6.6 shows the mass spectrum of a sample of the anolyte, taken when the potential 
was maintained at 1 800 m V. The spectrum shows the presence of peaks at significantly 
higher m/z ratios than species readily accounted for in the electrolyte, e.g. 2,5-
dimethylthiophene, LiC104 and acetonitrile. These peaks may correspond to oligomeric 
species of 2,5-dimethylthiophene or breakdown products formed during 
electropolymerisation (Table 6.3). 
The highest mass peak observed at m/z 552 is most probably the molecular ion (M+) 
which corresponds to the pentamer of 2,5-dimethylthiophene. Peaks were also 
observed at m/z ratios of 222, 332 and 442, suggesting a repeat unit of 1 10 mlz units. 
It is reasonable to assume this repeat unit to be the monomer, 2,5-dimethylthiophene, 
minus two protons from the �-positions where oligomerisation occurs. 
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Fig. 6. 6 Electron impact mass spectrum of the anolyte solution showing oligomers of 
2,5-dimethylthiophene. 
Peaks corresponding to the loss of methyl groups from the oligomeric species were also 
observed at rnlz ratios of 207, 3 17 and 417 .  These species are more likely to have been 
produced as a result of fragmentation during electron impact within the mass 
spectrometer. The concentration of the oligomers was too low for confirmation by 
GCMS. The detection system of the mass spectrometer, used to obtain the spectrum 
shown in Fig. 6.6, was sensing a very low ion count, although no peaks corresponding 
the PFK's used to calibrate the instrument were observed in the mass spectrum as 
commonly observed for such measurements. 
It was surprising that such a relatively simple mass spectrum was recorded for the 
anolyte solution, since it is now widely accepted that electropolymerisation of aromatic 
compounds is more complicated than simple monomer couplings and involves oxygen 
species and impurities from the electrolyte. Most of the species observed in this 
instance were simple oligomers ( dimers, trimers, tetramers and pen tamers) of 2,5-
dimethylthiophene. 
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Table 6.3 Oligomers produced during the electropolymerisation of 2,5-
dimethylthiophene as identified by mass spectrometry. 
rnlz 
ratio 
1 1 1  
207 
222 
3 17 
Structure 
+ .  
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rnlz 
ratio 
332 
417  
442 
552 
Structure 
CH3 S CH3 
CH3 S CH3 
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6.2.2 Polymerisation and characterisation of 1,1' ,1 ",1' "-silanetetrayltetrakis-1 H­
pyrrole (40) 
6.2.2.1 Electrochemical polymerisation 
The electrochemical behaviour of 1 , 1 ', 1 " , 1 "'-silanetetrayltetrakis-JH-pyrrole (40), 
carried out in TBABF4 (0. 1 mol dm-3)/dichloromethane electrolyte due to monomer 
insolubility in acetonitrile, is shown in Fig. 6.7. The onset of pyrrole oxidation was 
observed at 450 mV, followed by a current cross-over at 745 mV, indicative of 
formation of an electroactive film. On the return scan, a very broad reduction peak 
corresponding to polymer dedoping was seen at 0 mV. Increased currents for both 
processes were observed on the second scan, although by the third, these began to 
decrease. The polymer oxidation signal was not obviously apparent and might be 
located under the broad monomer oxidation wave. However, when the film was cycled 
in the same electrolyte in the absence of monomer, only large capacitive currents were 
observed with no indication of redox behaviour. The absence of a polymer oxidation 
peak has also been reported for 3-trimethylsilylthiophene [21 5] ,  and for this species has 
been partly accounted for by the high solubility of the polymer in the reduced from. 
However, in the current study, a smooth, blue/black homogeneous and very adherent 
film was formed on the electrode surface. 
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Fig. 6 .7  Cyclic voltammogram of 1 , 1 ', 1 ", 1 "'-silanetetrayltetrakis-JH-pyrrole (40). WE: 
Pt disc (area: 0.385 cm2) ;  monomer cone. :  0.005 mol dm-3; u=5 m V s·1 ;  electrolyte: 0. 1 
mol dm-3 TBABFidichloromethane; first scan ( ___ ), second scan ( ------ ) , 
third scan ( -·-·-·-·-· ) . 
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6.2.2.2 Polymer characterisation 
Irrespective of substrate, a fllrn conductivity of 10-6 S cm-1 was measured and no 
enhancement was observed when the fllrn was placed in an atmosphere of iodine for 24 
h. The films could be removed by abrasion, but were insoluble in acetone, ethanol, 
dichloromethane, THF and toluene. Figs. 6.8(a) and (b) show SEM images of the 
polymer on ITO glass. The fllrn was essentially very smooth although higher regions 
appeared to have a coral-like topology, quite different to that of polythiophene (Fig. 
3 . 1 l (b)) and polypyrrole (Fig. 6.5). 
Microanalysis data of the chemically synthesised polymer, together with the monomer 
and polypyrrole, obtained under identical conditions, is shown in Table 6.4 [21 6] .  As 
expected, the C:H and C:N ratios were calculated to be 2.0 and 4.0, in agreement with 
their stoichiometric ratios. The N:Br ratio was calculated to be 0.92, suggesting that 
1 . 1  bromide ions were incorporated for every monomer unit. This high degree of 
doping is not uncommon for chemically synthesised polymers, although a low 
conductivity might be expected as a result of over-oxidation. In the case of the 
monomer (40), the C:H and C:N ratios were calculated to be 0.99 and 4.02, 
respectively, in agreement with the stoichiometric ratios. The C:H and C:N ratios were 
not significantly changed in poly 40, 1 . 14 and 4.33, indicating the integrity of the 
pyrrole rings was maintained after electropolymerisation. In addition, fairly close C:H 
ratios for the monomer and polymer would suggest that each monomer unit is only 
coupled to a few other monomer units. The degree of doping in the chemically 
prepared polymer was obtained from the N:Br ratio, where it would appear that one Br­
dopant is incorporated for every 1 .20 monomer units. 
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Fig. 6.8 SEM of the polymer formed from the electropolymerisation of 1 , 1 ', 1 ", 1 "'­
silanetetrayltetrakis-1 H-pyrrole ( 40) on ITO glass. 
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Table 6.4 Microanalysis data of 1 , 1 ', 1 " , 1 "'-silanetetrayltetrakis-JH-pyrrole (40), poly 40 
and polypyrrole. 
Compound Element Atomic % 
Sample 1 Sample 2 Average 
Polypyrrolea c 28.55 28.25 28.40 
H 1 .20 1 .60 1 . 1 8  
N 8.29 8.26 8.28 
Br 5 1 . 1 7  50.64 50.9 1 
(ash) 0.22 0.22 0.22 
1 , 1  ', 1 ", 1 "' -silanetetray ltetrakis-J H- c 64.67 64.93 64.80 
pyrrole ( 40) H 5 .46 5.50 5 .48 
N 1 8.72 1 8.88 1 8.80 
(ash) 2.39 2.63 2.5 1 
Poly( 1 ,  1 ', 1 ", 1 "'-silanetetray ltetrakis- c 41 .53 4 1 .72 4 1 .62 
JH-pyrrole (40))a H 3.03 3.05 3.04 
N 1 1 .05 1 1 . 16 1 1 . 1 1  
Br 19. 14  1 8.97 19.06 
(ash) 14.22 14.44 14.33 
a Doped with Br-. 
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6.2.2.3 X-Ray photoelectron spectroscopy studies 
As expected, peaks for carbon, boron and fluorine (from the dopant tetrafluoroborate 
anion), nitrogen, oxygen and silicon were observed in the XPS spectrum of the 
electropolymerised film. The binding energies for these peaks, together with atomic 
percentages are summarised in Table 6.5. 
Similarly to previous XPS studies, the degree of polymer doping could readily be 
obtained from the atomic percentage ratio of the N( l s) peak to that of the B(ls) peak. 
Thus, it would appear that one BF 4- anion is incorporated into the film for every 1 .94 
monomer units, a doping level less than that observed in chemically synthesised films. 
However, the degree of oxidation resulting from chemical doping is known to be 
greater than that obtained from electrochemical methods, although in the former case, 
degradation of the polymer backbone is likely to occur, causing a loss of electroactivity. 
Since TBABF4 was used as the electrolyte, the 0( 1 s) signal at 532.50 eV must be due 
to the presence of carbonyl species. 
Two N(ls) signals were observed in the XPS spectrum of the electropolymerised film. 
Since the atomic percentage ratios of the combined N( l s) signal to the Si(2p) peak is 
3.88, i.e. within experimental error to the theoretical value of 4.0 for the monomer, 
both nitrogen peaks must be due to the pyrrole rings, and not attributable to 
tetrabutylammonium cation incorporation. The two nitrogen signals must therefore 
result from pyrrole rings in different chemical environments, although the exact nature 
of these two environments is uncertain. One suggestion may be the occurrence of inter­
molecular and intra-molecular couplings via the pyrrole rings, to form the polymer 
shown in Fig. 6.9. The atomic percentage ratio of the two nitrogen peaks is close to 
1 : 1  ( 1 . 14), in agreement with this structure. Alternatively, pyrrole units coupled via the 
2-positions and 3-positions may account for the two different nitrogen signals. 
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Table 6.5 XPS data of the film formed from the electropolymerisation of 1 , 1 ' , 1 " , 1 "'-
silanetetrayltetrakis-J H-pyrrole ( 40). 
Polypyrrole 
Signal Binding Atom % 
energy 
(eV) 
B( 1 s) 
Cl(2p) 207 .85 3 .4 
C(1 s) 284. 1 5  1 3 .9 
C( 1 s) 285.00 25.6 
C( l s) 286.20 17 .5 
C(1 s) 288.45 5.7 
C( l s) 291 .75 0.87 
N(l s) 400.30 4.7 
N(l s) 401 . 10 4.2 
N(1 s) 403.30 1 .8 
Si(2p) 
O(l s) 532.80 19.9 
O(l s) 534.85 2.3 
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Poly( 1 1 '  1 "  1 "'-' ' ' 
silanetetray I tetrakis-J H-
pyrrole) 
Binding Atom % 
energy 
(eV) 
193.90 3 . 1  
283.80 5.5 
285.00 46.0 
286.45 13 .8 
288.55 1 .9 
399.95 2.8 
402.40 3.2 
10 1 .75 1 .6 
532.50 7.2 
+ 
n 
Fig. 6.9 Possible structure of poly( l ,  1 ', 1 ", 1 "'-silanetetrayltetrakis-1 H-pyrrole ( 40)) .  
6.2.2.4 Molecular modelling studies 
Geometry optimisations, using a molecular mechanics program [ 1 53], show that the 
four pyrrole units are tetrahedrally positioned around the central silicon atom, with the 
plane of each neighbouring pyrrole ring oriented in such a way as to overcome steric 
hindrance between adjacent hydrogen atoms. This three dimensional representation of 
the molecule emphasises the availability of the pyrrole a-positions for monomer 
couplings. Interestingly, intra-molecular coupling of two neighbouring pyrrole rings via 
the a-positions, results in only a small increase in energy, suggesting that intra-
molecular couplings are almost as energetically favourable as inter-molecular couplings. 
Thus, a dense three-dimensional matrix is expected for this polymer, which significantly 
reduces the mobility of dopant anions. This conclusion is supported by electrochemical 
studies which show significantly reduced redox activity compared to polypyrrole. 
6.3 Conclusions 
A thick black polymeric film was produced from the anodic electropolymerisation of 
2,5-dimethylthiophene. The topology of this film was very similar to that of 
polythiophene and polypyrrole formed under similar conditions, and was insoluble in all 
common organic solvents. XPS studies showed that the polymer was doped with 
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perchlorate anions from the electrolyte and the degree of doping was found to be 3.  9 
monomer units per dopant anion, a value very similar to polythiophene and polypyrrole. 
The polymer was redox inactive and had a low conductivity of 10-6 S cm-1 .  This may be 
due to a severe disruption of planarity of the polymer chains as a result of steric 
hindrance between neighbouring methyl groups, and/or the nature of the �.W-linkages 
themselves which restrict the degree of conjugation. 
Oligomeric species formed during the electropolymerisation reaction were characterised 
by electron impact mass spectroscopy. Dimers, trimers, tetramers and pen tamers of 
2,5-dimethylthiophene were clearly identified from mass spectral studies of the anolyte 
confirming the formation of stable oligomeric species during electropolymerisation. 
Electropolymerisation of 1 , 1  ', 1 " , 1  "'-silanetetrayltetrakis-JH-pyrrole (40) produced a 
smooth and very adherent film, possessing some redox activity, although to a much 
reduced extent than polypyrrole. Although a conductivity of 10-6 S cm-1 was measured, 
the film contained one BF4- anion for every 1 .94 monomer units. A polymer of even 
higher dopant incorporation was produced from the chemical polymerisation. 
Molecular dynamic calculations suggest that inter- and intra-molecular couplings can 
both occur, resulting in the formation a dense three-dimensional matrix which 
significantly reduces the degree of conjugation in the polymer backbone. 
This work further supports the theory that a,a'-linked monomer units are a prerequisite 
for producing polymers of high conductivity. In Chapter Seven, the application of 
modelling techniques is further extended, with the aim of predicting the extent of 
polymeric a,a'-couplings from novel heterocyclic monomers. 
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CHAPTER SEVEN 
APPLICATION OF DENSITY FUNCTIONAL THEORY IN THE 
SYNTHESIS OF ELECTROACTIVE POLYMERS 
7.1 Introduction 
The electrochemical oxidation of substituted pyrroles and thiophenes does not always 
result in the formation of conducting films, as frequently, insulating films or soluble 
oligomers are produced, Chapter One [217] .  The stability of the radical cation partly 
determines the nature of products formed [ 176]. Highly electron donating species, such 
as amino groups, stabilise the radical cation to such an extent that it is able to diffuse 
away from the electrode interface into the bulk electrolyte before eventually being 
attacked by the electrolyte or other nucleophilic species in solution. In contrast, if the 
substituent is electron withdrawing, e.g., a nitro group, then the radical cation is 
rendered highly active and may undergo rapid, less selective couplings to produce films 
of low conductivity [50] . Steric effects do not significantly hinder the formation of the 
radical cation but appear to become important in the subsequent coupling reaction. 
With large B-substituents, the polymerisation reaction is not as efficient and large 
quantities of short chain oligomers are formed [22}. 
The spin density distribution of radicals and radical ions is therefore extremely 
important in the polymerisation reaction. Experimentally, these values can be 
determined from electron spin resonance spectroscopy (ESR). The McConnell 
equation, Eq. 7. 1 ,  gives the direct proportionality between the isotropic component of 
the Ha coupling (a denoting the proton coupled to the carbon atom of interest) and the 
1t spin density on carbon atom [2 1 8] .  
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where, 
aaH = isotropic component of the Ha coupling 
p1t = 1t spin density on carbon atom, and 
Q = a proportionality constant 
(Eq. 7. 1 )  
The value of the proportionality constant, Q, is specific to the radical under study 
[2 19,220] . For example, for carbon atoms of vinyl radicals, Q = -27, and for carbons of 
the benzene radical cation, Q = -26.4. Modifications of the McConnell equation by 
Colpa and Bolton [22 1 ] ,  and independently by McLachlan [222], have been designed to 
take into account the effect of 'excess charge' at each carbon atom and the polarisation 
of the spins of the 7t-electrons by the spin of the unpaired electron, respectively. 
However, not all spin densities can be determined from an ESR spectrum, as very small 
couplings cannot be measured and the spin densities of carbon atoms which are not 
bonded to hydrogen cannot be determined in this way [2 1 9] .  Therefore, theoretical 
methods of predicting the nature of products formed from an electropolymerisation 
reaction, which could be used as a screening technique in the rational design of 
conducting polymers from novel monomers, would be highly desirable. 
The first attempts at predicting the molecular geometry and reactivity for monomer 
units were carried out using semi-empirical molecular orbital methods, such as INDO, 
MNDO and CNDO. Spin density distribution calculations for pyrrole monomeric and 
oligomeric radical cations [ 47] using INDO have shown a strong correlation between 
spin density distribution and sites of electropolymerisation. High spin populations at the 
a-positions of the heterocyclic radical cations were observed, reflecting a,a'-monomer 
linkages in the resultant polymer. However, when these calculations were applied to 
oligomeric pyrrole radical cations, the reactive sites became chemically inequivalent to 
those of the monomer, with electron spin density becoming more delocalised from the 
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a-positions to other positions in the heterocycle [47]. Such linkages were more likely 
in the later stages of electropolymerisation where the unpaired electron spin density of 
the f3-carbon atom of the oligomer became comparable to that of the a-carbon atom 
[47] . Other non-a,a'-couplings have been found experimentally and they are known to 
cause breaks in the conjugation of the polymer, reducing conductivity and 
electroactivity of the film [233]. 
Advances in hardware technology and computational methods allow the use of 
techniques which predict molecular geometry and electronic properties more accurately 
than the semi-empirical approaches. Ab initio Hartree-Fock molecular orbital 
calculations achieve chemical accuracy, but their high computational requirements mean 
that they cannot be routinely applied to systems containing many atoms. Open shell 
calculations using the method of partial retention of diatomic differential overlap 
(PRDDO) [224] within the unrestricted Hartree-Fock approximation have been use to 
investigate the failure of the attempted electropolymerisation of B­
ethylmercaptothiophenes [225] and fluorophore containing derivatives of thiophene 
[226]. Positions of highest unpaired electron spin density in the radical cations of these 
monomers were found to be located away from the a-positions of the thiophene ring, 
accounting for the failure of electropolymerisation. 
Density functional theory (DFT) calculations [227-229] are rapidly gaining popularity 
due to their comparable accuracy with ab initio molecular orbital calculations and with 
the advantage of requiring significantly less computational time. To see how this may 
be achieved, the fundamentals of Hartree-Fock and density functional theory need to be 
considered. 
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With ab initio methods, an attempt is made to solve the stationary Schrodinger 
equation, Eq. 7.2, in the Bom-Oppenheimer approximation given an initial choice of the 
form of the wavefunction of a chemical system with n electrons. 
where, 
H'¥ = E '¥  (Eq. 7.2) 
H = hamiltonian composed of kinetic and potential energy operators, 
E = molecular electronic energy, and 
'If = n-particle solution of the wavefunction 
The use of the term ab initio means that no empirical parameters are introduced to 
solve Eq. 7 .2. The simplest form of 'I' is an antisymmetrised product of n one-electron 
functions �i' known as molecular orbitals (MOs), which are solutions of the Hartree­
Fock (HF) equations, as shown in Eq. 7 .3. 
where, 
i=l,  . . .  ,n 
hHFeff = effective one-particle HF hamiltonian, and 
ei = energy of MO �i 
(Eq. 7.3) 
Unfortunately, ab initio HF methods neglect the instantaneous repulsion between 
electrons at the origin of the so-called 'correlation energy', causing the behaviour of 
each electron to be dictated by the average position of all the others. To improve the 
accuracy of HF solutions, time-consuming, 'configuration interaction' or 'perturbation' 
techniques, which correct for electron correlation effects, must be implemented. 
Density functional theory, DFT [228,229] , was developed from a theorem by 
Hohenberg and Kohn [230], and generalised by Levy [23 1 ] ,  which describes the 
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ground-state energy of a many electron system as being completely and uniquely 
determined by its electron density p (Eq. 7.4). 
where, 
Et = total energy 
T[p] = kinetic energy of a system of non-interacting particles 
of density p, 
(Eq. 7.4) 
U[p] = classical electrostatic energy due to coulombic interactions, and 
ExJP] = exchange and correlation energies 
The advantage of OFT is that the complicated n-electron wavefunction and Schrodinger 
equation, Eq. 7.2, are replaced by the much simpler electron density. Although the 
Hohenberg-Kohn equation, Eq. 7.4, states that E1 is a functional of p, it does not 
describe how Et may be calculated from p or how to obtain p without first finding 'I'· 
Therefore, approximate methods need to be used, although for a comparable level of 
accuracy, the DFT equations leading to p are significantly less demanding than those of 
ab initio methods. 
Practical applications of OFT became feasible with the work of Kohn and Sham (KS) 
[232] who derived a set of one-electron equations (Eq. 7.5) which could be used to 
obtain, in principle, the electron density and hence the total energy. 
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where, 
i=l ,  . . .  ,n 
hKSeff = effective Kohn-Sham one-electron harniltonian 
(generally expressed as a functional of p ), 
'Vi = Kohn-Sham orbitals (not to be confused with the 
HF MOs �i of Eq. 7.3), and 
Ei = energy of MO 'l'i 
(Eq. 7.5) 
Kohn and Sham also showed that the electron density can be calculated from the 'l'i's 
according to Eq. 7.6 [232] . 
(Eq. 7.6) 
The MOs may be occupied by spin-up (alpha) electrons or by spin-down (beta) 
electrons. Spin-restricted calculations use the same KS orbitals 'l'i(r) for both alpha and 
beta electrons, whereas spin-unrestricted calculations use different KS orbitals for alpha 
and beta electrons. In the latter case, it is possible to form two different charge 
densities: one for alpha MOs and one for beta MOs, the sum of which gives the total 
charge density and the difference, the spin density (the amount of excess alpha over 
beta spin). This is analogous to restricted and unrestricted HF calculations [233]. 
The KS orbitals 'Vi have no physical significance other than allowing exact calculation 
of p(r) from Eq. 7.6. Thus, OFT molecular wavefunctions cannot be obtained from KS 
orbitals. However, both HF and KS theories provide one-electron equations for 
describing many electron systems. 
The only problem in using KS equations to find p(r) is that the correct functional hKSeff, 
and particularly its so-called exchange-correlation part, cannot be readily determined for 
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molecular systems. Therefore, approximate functionals have to be used in molecular 
orbital calculations [234], the accuracy of which may be assessed by comparing the 
output from DFT calculations to those obtained experimentally. However, efficient 
techniques are now available to solve the KS equations more rapidly than those of the 
HF, leading roughly to a N3 scaling of the computational effort, where N is the size of 
the one-electron basis set, as compared with the N4 dependence of the HF scheme. 
In this Chapter, density functional theory (DFT) has been used to calculate the spin 
density distributions of radical cations of pyrrole, thiophene and a series of substituted 
analogues in an attempt to predict coupling positions in the resultant polymers. 
7.2 Results and discussion 
In principle, the validity of the DFT approach in determining spin densities can be 
assessed by direct comparison of the calculated total spin densities of the atoms pyrrole 
(41), thiophene (42) and (E)-stilbene (11) with the 7t-spin densities obtained from ESR 
using the McConnell equation (Eq. 7. 1 ). For all the DFT calculations performed in this 
study, the total spin density equals the 7t-spin density because the molecules are held flat 
during the calculations and the HOMOs were found to be 7t-orbitals. However, it 
should be noted that small differences between the calculated and experimental values 
are anticipated because of the experimental dependence of the Ha on variables such as 
the nature of the solvent and oxidising agents used [2 19,235] . Pyrrole (41), thiophene 
(42) and (E)-stilbene (11)  were selected for comparison because their radical cations 
possess similar structural features to the compounds of interest, in addition to well 
documented ESR spectra [235,236] . Semi-empirical (INDO) values for spin densities 
were also available for pyrrole (41) [47] and (E)-stilbene (11) [2 19] .  However, in the 
original INDO study of Waltman and Bargon [47], only the s-orbital component of the 
total spin density was used to assess reactivity for pyrrole. In the present work, the 7t-
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component of spin density has been used, since DFT calculations show that the s-orbital 
component was zero, as expected for planar compounds in which the HOMO has 7t­
symmetry. 
Table 7. 1 shows the values of the unpaired electron 7t-spin density distributions of the 
respective radical cations, obtained from DFT and INDO calculations, together with the 
values from ESR spectroscopy. It can be seen that the 1t-spin densities calculated are in 
good agreement with the experimental values for all three compounds. However, 7t­
spin densities cannot be calculated from INDO methods for all molecules due to 
insufficient parameterisation of certain elements, such as sulphur, which are necessary 
for calculations involving derivatised thiophene compounds. The good agreement 
between the spin densities obtained via DFT and experiment gives confidence in 
applying the technique to other systems. 
7.2.1 Pyrrole and thiophene oligomers 
Table 7.2 shows the calculated unpaired 1t-spin density distributions of the monomeric, 
dimeric and trimeric radical cations of pyrrole (41,43,44) and thiophene (42,45,46). In 
pyrro1e (41), the highest 1t-spin populations are located at the 2- and 5-(a-)positions, in 
agreement with INDO calculations, and so spin-pairing would be predicted to form 
2,2'-bipyrrole (43) . The highest 7t-spin densities in the dimer are again located at the 5-
and 5'-( a-)positions, 0.25 1 each, although the spin magnitude has decreased through 
conjugation and the ratio of spin populations at the 3-(3 '-) and 5-(5'-)positions is 
increased to 0.43 compared to 0.20 for the monomer. 2,2':5',2"-Terpyrrole (44), 
produced from spin-pairing of the dimer with a monomeric radical cation, also 
possesses the highest spin density (0. 160) at the 5- and 5"-( a-)positions. The ratio of 
1t-spin populations at the 3-(3 '-) and 5-(5'-)positions is further increased to 0.50 in the 
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trimer (44), suggesting the possibility of a greater incidence of non-a,a'-linkages with 
chain growth. 
The OFT calculated unpaired spin density distributions of the monomeric, dimeric and 
trimeric radical cations of thiophene (42,45,46, respectively), Table 7.2, follow a very 
similar pattern to the corresponding pyrrole oligomers. The highest 1t-spin populations 
are located at the a-positions throughout oligomerisation and in the trimer (46), the 
spin populations at the 3-(3"-)positions (0.075) only reach one half of those at the 
5'(5"-)positions (0. 1 5 1 ). As with pyrrole (41), non-a,a'-linkages become more 
prevalent as oligomerisation proceeds. 
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Table 7. 1 Spin density distributions of pyrrole (41), thiophene (42) and (E)-stilbene 
(11) radical cations obtained from DFf and INDO calculations, and from ESR. 
Radical cation Position Spin densities Pn 
calculated experimental calculated 
DFf ESR INDO 
4 3 
-0.08 1 b 
5 0 2 41 1 -0.042 
_a 
2,5 0.465 0.606 0.458 
N 1 3,4 0.092 0. 1 14 0.085 I 
H 
4 3 
5 0 2 42 1 -0.037 
_a 
2,5 0.456 0.492 s 
3,4 0.098 0.095 
. '/ '\ , . .  1 1  1 , 1 '  0.090 _c _d ' � ' '/ '\ . 
2,2' 0.069 0. 1 05 0.0 1 3  
3,3' -0.003 -0.027 -0.072 
4,4' 0. 1 53 0. 1 65 0. 16  
5,5' 0.007 -0.027 -0.076 
6,6' 0.055 0. 105 0. 14  
1 ",2" 0 . 1 58 0. 1 65 0. 1 8  
Experimental spin densities were obtained from the literature hyperfine coupling constants using the McConnell equation with the 
proportionality constant Q�26.4; a Ref. 236; b INDO reworked calculations from Ref. 47 in onler to calculate 1t-spin density for 
comparison with DFf and ESR data. The original values given in Ref. 47 refer to the s-oiDital component of spin density; 
c Ref. 237; d Ref. 219. 
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Table 7.2 Spin density populations of the oligomeric radical cations of pyrrole 
(41,44,45) and thiophene (42,46,47) obtained from DFT calculations. 
Radical cation Spin densities Pn 
4 3 
5 0 2 41 1 -0.042 2,5 0.465 N 1 
3,4 0.092 I 
H 
44 1 -0.006 1 1 -0.009 
5
' 2 0. 1 32 21 0. 1 33 
3 0. 1 08 31 0. 1 09 
3 '  4 '  4 0.040 4' 0.040 
5 0.25 1 51 0.251  
4 ' '  
45 1 0 1 I -0.0 1 8  1 "  0.001 5 ' '  
2 0.061 21 0. 1 25 2" 0.060 
, .  4 '  3 0.080 31 0.078 3" 0.080 
4 0.023 41 0.078 4" 0.023 
5 0. 1 60 51 0.025 5" 0. 1 58 
4 3 
5 0 2 42 1 -0.037 2,5 0.456 s 
3 ,4 0.098 
1 '  46 1 , 1  I 0.037 
5
' 2,21 0. 1 68 
3,31 0.049 
3 '  4 '  4,41 0.050 
5,51 0.2 16 
, .  ' 4 ' ' 
47 1 0.0 12  1 I -0.0 19  1 "  0.0 1 1  5 ' '  
2 0.062 21 0. 1 27 2" 0.062 
, .  , .  3 0.075 31 0.077 3" 0.075 
4 0.024 41 0.077 4" 0.024 
5 0. 1 5 1  51 0. 1 27 5" 0. 1 5 1  
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7 .2.2 Substituted heterocycles 
Spin density calculations have been performed on a wide range of (E)-3-
styrylthiophenes, (E)-2-styrylheterocycles and (Z)-a,�-diarylacrylonitriles for which 
conductivity data is available (Chapters Three, Four and Five, respectively). At present, 
calculations for these larger systems have been confined to monomer units only. It is 
assumed that initial coupling will be through the site of highest 1t-spin density for a pair 
of radical cations and that subsequent steps may then involve the second highest 1t-spin 
density site or other sites with comparable values. 
7 .2.2.1 (E)-3-Styrylthiophenes 
Table 7.3 shows the 1t-spin density distributions for three molecules based on (E)-3-
styrylthiophenes (1,3,26). In the case of the parent compound, (E)-3-styrylthiophene 
(1), although the highest 1t-spin density is located at the 2-(a-)position of the thiophene 
ring (0. 1 60), comparably high spins are present at the 4'-(para-)position of the phenyl 
ring (0. 145), and also at both 1 "-and 2"-carbon atoms of the alkene spacer linkage 
(0. 145 and 0. 149, respectively). By analogy with the mechanism of pyrrole 
electropolymerisation, the first chemical step in the electrooxidation of (E)-3-
styrylthiophenes should be the spin-pairing of radical cations, with the concomitant 
elimination of two protons, to produce a conjugated dimer. Many dimeric structures 
are possible (Fig. 7. 1 )  because of the high delocalised 1t-spin density of the (E)-3-
styrylthiophene radical cation (1). Further steps in the e1ectropolymerisation reaction 
would be expected to result in the formation of a dense highly crosslink:ed polymeric 
matrix. This is in agreement with electrochemical studies (Chapter Three), which show 
that electro-oxidation of the alkene spacer linkage and the thiophene ring may occur 
concurrently to produce a redox inactive polymer of low conductivity (cr: 1 0-6 S cm-1) 
[ 1 93] .  
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The introduction of an electron donating amino group at the para-position of the phenyl 
ring, as in the case of (E)-3-(4'-aminostyryl)thiophene (3), significantly alters the 1t-spin 
density distribution from that of the parent compound (1). The highest n-spin density, 
0.292, remains at the 2-position and the spin population is almost double that of the 
unsubstituted compound (1). Thus, the first chemical step in the electropolymerisation 
of (E)-3-(4'-aminostyryl)thiophene (3) will be the spin-pairing of two radicals at the 
a,a'-positions with the elimination of two protons. However, although the 1t-spin 
density at one of the carbon atoms (2") in the alkene spacer linkage is significantly 
reduced (0.06 1 compared to 0. 149), the 1t-spin density at the 1 "-carbon atom is slightly 
increased (0. 157 compared to 0. 145). Thus, monomer coupling via the alkene spacer 
would still be expected, in agreement with electrochemical studies (Chapter Three). It 
is also probable that couplings via the amino group will occur, since the n-spin density 
at the amino nitrogen atom (3") is very high (0. 1 35). 
The presence of a strong electron withdrawing nitrile group at the alkene spacer linkage 
(2"), as in (Z)-a-phenyl-�-(3-thienyl)acrylonitrile (26), might be expected to 
significantly reduce the overall reactivity of the double bond, as well as preventing 
coupling reactions via this site. However, OFT calculations show that the n-spin 
density at the 2-position of the thiophene ring, 0. 1 57, is scarcely reduced compared to 
(E)-3-styrylthiophene (1), 0. 1 60, and the 1t-spin density at the remaining 1 "-carbon 
atom of the double bond remains relatively high (0. 1 04). The 4'-(para-)position of the 
phenyl ring also remains a reactive position (0. 146). In agreement with these results, 
electropolymerisation studies, as detailed in Chapter Three [208], also show oxidation 
of the double bond and the thiophene ring, with the formation of a polymer of low 
conductivity ( cr: l Q-6 S cm-I ) .  
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Table 7.3 Spin density populations of (E)-3-styrylthiophene radical cations (1,3,26) 
obtained from DFf calculations. 
Radical cation Spin densities P7t 
1 1 0.08 1 1 '  0.083 1 "  0. 1 45 
2 0. 1 60 2' 0.064 2" 0. 1 49 
, I \ ' '  3 0.098 3' -0.004 
s 
4 -0.0 1 2  4' 0. 1 45 
5 0.084 5' 0.005 
6' 0.053 
H 
\ 3 1 0.034 1 '  0.085 1 "  0. 1 57 , . .  N-H 
2 0.292 2' 0.027 2" 0.061 
3 0.026 3' 0.035 
4 -0.0 10 4' 0.062 
5 0.068 5' 0.048 
6' 0.025 3" 0. 1 35 
3 '  4 '  
26 1 0.069 1 '  0.099 1 "  0. 1 04 
2 0. 1 57 2' 0.060 2" 0. 1 24 
3 0. 1 62 3' -0.00 1 2 ' ' 
4 -0.020 4' 0. 1 46 
5 0. 10 1  5' 0.0 1 1 3" -0.005 
6' 0.046 4" 0.05 1 
21 1 
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Fig. 7. 1 Proposed mechanism for the electrodimerisation of (E)-3-styrylthiophene (1). 
7 .2.2.2 (E)-2-Styrylheterocycles 
The 7t-spin density distributions of the (E)-2-styrylheterocyclic radical cations 
(12, 14, 15) are shown in Table 7.4. In the case of (E)-2-styrylthiophene (12), the 
highest 7t-spin population is located at the 5-position of the thiophene ring (0.2 1 1 ) ,  
although both 1 "- and 2"-carbon atoms of the alkene spacer linkage (0. 1 20 and 0. 1 58, 
respectively) and the 4'-(para-)position of the phenyl ring (0. 1 38) possess almost 
comparably high spin. As with the (E)-3-styrylthiophenes, such a delocalisation of 1t-
spin density distribution would be expected to result in a polymer of low conductivity, 
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containing many random crosslinked couplings as was observed in electrochemical 
experiments described in Chapter Four [208] . 
As with the amino derivative of (E)-3-styrylthiophene (3), introduction of an amino 
group at the 4'-(para-)position of the phenyl ring, (E)-2-(4'-aminostyryl)thiophene (14), 
leads to a redistribution of 1t-spin density relative to the parent heterocycle (12). 
However, the effect is less dramatic with little additional spin being localised on the 5-
position of the thiophene ring (0.238  compared to 0.2 1 1  ). The 1t-spin density at the 2"­
carbon atom in the alkene spacer linkage is significantly reduced, from 0. 158 to 0.080, 
although the spin population at the 1 "-carbon atom is slightly increased, from 0. 1 20 to 
0. 1 3 1 .  Thus, as with the (E)-3-styrylthiophene amino derivative (3), coupling via the 
alkene spacer linkage would also be predicted, as was indeed observed in 
electrochemical studies (Chapter Four) [208]. Monomer couplings via the amino group 
would also be expected, due to the high spin population at the amino nitrogen atom 
(3"). 
(E)-2-Styrylpyrrole (15) has its highest 1t-spin density located at the 5-position of the 
pyrrole ring (0.260). High spin density is observed on the alkene spacer at the 2"­
position (0. 1 62) and on this basis, crosslinking would be expected, a conclusion which 
is in agreement with the experimentally observed result (Chapter Four). 
7.2.2.3 (Z)-a,f3-2-Diarylacrylonitriles containing two heterocycles 
In contrast to the styrylheterocycles, as discussed in Chapter Five, it was found that 
some (Z)-a,f3-2-diarylacrylonitriles undergo electropolymerisation to produce 
electroactive polymers with enhanced conductivities, of the order of I0-4 S cm-1 [238]. 
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Spin density distributions of (E)- 1 ,2-di-2-thienylethene (47) and three (Z)-a,p-2-
diarylacrylonitrile radical cations (37-39) are shown in Table 7.5. As expected, the 
nitrile groups possess very low spin populations, as reflected by their known 
electroinactivity [ 1 7 1] .  The highest 1t-spin density of 47 is located at the (5- and 5'-)a­
positions of the thiophene rings (0. 1 6 1 ), although comparably high 1t-spin populations 
were observed at the 1 "- and 2"-carbon atoms of the alkene linkage (0. 1 54 and 0. 1 53, 
respectively). Therefore, polymeric coupling may occur via the a-positions to produce 
an electroactive polymer, or via the alkene linkages to result in a crosslink:ed polymer, 
with the exact balance depending on electrosynthetic conditions. This dichotomy is 
reflected in the extremely wide range of conductivities reported for the polymerisation 
of this species ( 102 - 1 0-IO S cm-1) [204,239] . 
Introduction of a nitrile group at the alkene spacer linkage [238], as in the case of (Z)­
a,P-(2-thienyl)acrylonitrile (37), produces a desirable redistribution of 1t-spin density 
compared to the parent compound (47). The 1t-spin density at the 1 "-carbon atom of 
the alkene spacer linkage is decreased by about one third (to 0. 106), whereas the spin 
populations at the 5- and 5'-( a-)positions of both thiophene rings remain high (0. 1 7 1  
and 0. 1 62, respectively). Therefore, couplings via the alkene spacer linkage in (Z)-a,�­
(2-thienyl)acrylonitrile (37) would be expected to occur much less frequently, 
producing a polymer with improved electroactivity. This was indeed the case, as a 
redox active polymer was produced with a conductivity of 10-4 S cm-1 ,  (Chapter Five) 
[238],  a significant improvement on those of the poly((E)-3-styrylthiophenes) and 
poly(( E)-2-styrylheterocycles) discussed previous! y. 
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Table 7.4 Spin density populations of (E)-2-styrylheterocyclic radical cations 
(12,14,15) obtained from OFT calculations. 
Radical cation 
, .  , .  ' ' 
, � · · s -
6 '  
, .  3 '  
·��H 
' 
S 
, . - ' 'H 
, .  4 ' 
, � ·· N -
1 I , . .  6 .  � . 
H 
12 
14 
15 
Spin densities P1t 
1 -0.007 1 '  
2 0. 1 28 2' 
3 0.086 3' 
4 0.030 4' 
5 0.2 1 1  5' 
6' 
1 -0.002 1 '  
2 0.078 2' 
3 0. 1 02 3' 
4 -0.004 4' 
5 0.238 5' 
6' 
1 -0.0 17 1 '  
2 0. 160 2' 
3 0. 103 3' 
4 0.029 4' 
5 0.260 5' 
6' 
2 15  
0.075 1 "  0. 1 20 
0.053 2" 0. 158  
0.005 
0. 1 38 
-0.005 
0.063 
0.081  1 "  0. 1 3 1  
0.029 2" 0.080 
0.046 
0.067 
0.034 
0.03 1 3" 0. 1 38 
0.055 1 "  0.085 
0.049 2" 0. 1 62 
-0.00 1 
0. 1 1 6 
-0.005 
0.057 
Table 7.5 Spin density populations of the radical cations of (E )- 1 ,2-di-(2-thienyl)ethene 
(47) and some (Z)-a,�-2-diarylacrylonitriles (37-39) obtained from DFT calculations. 
Radical cation 
4 3 
, � , s , \ I 1 ' ' 1 ' '  4 '  
5 '  
3 '  4 '  
5 '  
1 ' ' 
3 '  4 '  
N < . . 
3 , . .  \ I  
5 '  
1 ' ' 
3 '  
47 
37 
38 
39 
Spin densities Pn 
1 0.024 1 '  0.024 1 "  0. 1 54 
2 0 . 1 1 8  2' 0. 1 1 8 2" 0. 1 53 
3 0.043 3' 0.043 
4 0.026 4' 0.026 
5 0. 1 6 1  5' 0. 1 6 1  
1 0.027 1 '  0.024 1 "  0. 1 06 
2 0. 1 33 2' 0. 1 23 2" 0. 1 33 
3 0.029 3' 0.039 
4 0.039 4' 0.029 3" -0.008 
5 0. 1 7 1  5' 0. 1 62 4" 0.031  
1 -0.0 16  1 '  -0.005 1 "  0.055 
2 0. 1 49 2' 0. 1 05 2" 0 . 1 14 
3 0.082 3' 0.072 
4 0.028 4' 0.026 3" -0.008 
5 0.222 5' 0. 175 4" 0.040 
1 -0.0 1 2  1 '  -0.008 1 "  0.074 
2 0. 1 1 8 2' 0. 1 24 2" 0. 1 02 
3 0.089 3' 0.075 
4 0.0 14  4' 0.029 3" -0.008 
5 0.2 1 8  5' 0. 1 92 4" 0.038 
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Replacement of one of the thiophene rings by a pyrrole or furan ring, as in (Z)-a-(2-
thienyl)-�-(2'-pyrryl)-acrylonitrile (38) and (Z)-a-(2-thienyl)-�-(2'-furyl)acrylonitrile 
(39), respectively, results in an even greater shift in the n-spin density distribution from 
the alkene spacer linkage to the a-positions of both heterocyclic rings. In addition, the 
unpaired electron n-spin density at the 4-position of the heterocyclic rings are less than 
those in (Z)-a,�-(2-thienyl)acrylonitrile (37) (e.g. a reduction from 0.039 to 0.014, in 
the case of 39), further maximising the extent of a,a'-monomer couplings and reducing 
a,W and �.W-linkages which are known to cause breaks in conjugation length and hence 
reduction in conductivity [46] . For the pyrrole and furan derivatives, 38 and 39, 
respectively, polymer growth should be less hindered by couplings via the alkene spacer 
linkage, as was indeed observed from electrochemical studies (Chapter Five), where 
very thick homogeneous redox active polymers were produced with measured 
conductivities of the order of 10-4 S cm-1 • This was reflected in the topologies of poly 
38 and poly 39, where extensively raised dendritic structures, branching across the 
entire surface, were observed (Fig. 5 . 1 5  and 5. 1 6, respectively). The absence of these 
features from poly((Z)-a,�-di-(2-thienyl)acrylonitrile) (37) may be due to the high n­
spin density at the alkene spacer linkage (0. 1  06), resulting in crosslinking rather than 
unidirectional polymer growth. 
7.3 Conclusions 
The calculations on model systems show DFT to yield n-spin density values in good 
agreement with experimental values. It has been shown that spin density calculations 
can be successfully employed to interpret the coupling steps in the anodic 
electropolymerisation of a range of monomers. For the majority of the systems studied, 
the calculations have only been undertaken on monomer units. This enables potential 
initiation coupling sites to be inferred, but it is important to extend these calculations to 
217  
dimers, trimers and higher oligomers in order to examine changes in the 7t-spin densities 
during polymer chain growth as well as the parent monomers. 
Although Jt-spin density distribution plays a major role in determining the location of 
coupling sites, it is clear that steric influences will be an important factor for many 
systems. However, DFT calculations may not be the most productive means of 
obtaining this information and further modelling studies on suitable model systems 
should be undertaken in order to investigate the relative effects of these factors in 
coupling steps. 
This type of calculation represents a useful predictive tool to screen novel monomers 
prior to experimental investigation and the approach may form a key step in the rational 
design of novel conducting polymers via computational methods. 
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CHAPTER EIGHT 
IMMOBILISATION OF BIOMOLECULES BY CONDUCTING 
POLYMERS FOR SCANNING PROBE MICROSCOPY STUDIES 
8.1 Introduction 
8.1.1 Conducting polymers as substrate materials for SPM investigations of 
biomolecules 
The use of polypyrrole as an immobilisation matrix for enzymes in the fabrication of 
biosensors has been recognised [240-242]. Biomaterial, such as enzymes, become 
physically entrapped in polypyrrole when added to the aqueous electrolyte used to grow 
the film. The most common example is the polypyrrole/glucose oxidase system 
[240,243], which gives an amperometric response to glucose. 
The polypyrrole/glucose oxidase film has been investigated by STM [244], providing 
the only SPM study of biomaterials immobilised in conducting polymers. Glucose 
oxidase enzymes embedded in the surface layers of the film appeared as 'black holes' 
due to changes in the microdistribution of the local work function, rather than 
topographical factors. 
Successful STM imaging of biomolecules requires an optimal interaction between the 
sample and substrate, since if the binding interaction is too weak, immobilised material 
may become dislodged during scanning, whereas if the binding is too strong changes in 
conformation may result. Active protein has been reported to reversibly bind to 
polypyrrole [245], with the interaction at fixed pH and buffer concentration being 
dependent on the isoelectric point of the biomaterial. The level of binding to 
polypyrrole is unaffected by the molecular weight of the protein [245], consistent with 
an interaction between the protein and the charged conducting polymer. Active protein 
could be desorbed from the polymer by potassium chloride solution after which the 
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polymer could be recycled. The protein-binding property of the polymer was fully 
preserved after prolonged exposure to aqueous media under a variety of conditions. 
8.1.2 Scanning probe microscopy of biomolecules 
The use of scanning probe microscopy (SPM) in structural biology is an area of rapidly 
increasing interest [246] , since it allows considerable spatial information concerning the 
shape and size of biomolecules to be obtained under ambient conditions of pressure and 
temperature [247-249]. An important additional advantage of this mode of imaging of 
biological samples, compared with scanning electron microscopy (SEM) and high 
resolution transmission electron microscopy (TEM) techniques, is the potential for 
obtaining images in aqueous solutions, allowing, in principle, the investigation of 
biological systems under near-physiological conditions. 
Ideally, SPM reveals the three-dimensional structure of surfaces at high resolution, 
although no internal structural information can be obtained as in the case of TEM. This 
limitation is often offset by the ability of SPM to obtain three-dimensional information 
compared to TEM which is only able to provide a two-dimensional projection. SPM 
and TEM therefore are complementary techniques for the study of biological structures. 
8.1.2.1 Electron tunnelling through biomolecules 
The first SPM studies of biomolecules were performed by STM, since this technique 
was first developed. This might be considered surprising since macroscopic 
conductivity measurements show biomolecules to be insulators. Various mechanisms 
for electron tunnelling through biomolecules have been proposed [250], the most 
prominent of which are discussed below. 
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Conductance can be approximated, at low potentials, as proportional to exp(-.Y<j>L), 
where L is the sample thickness (A) and <j>, the tunnelling barrier (eV) [25 1 ] .  In order 
to obtain the high conductance typically observed with STM imaging of a biomolecule 
where L=lOO A, <1> has to be about 0.01 eV, a value which would suggest electrons to 
be thermally activated above the tunnel barrier at room temperature and able to 
propagate freely as in a metal. This would also imply conduction to be independent of 
sample thickness, in contradiction to macroscopic measurements. Therefore, tunnelling 
mechanisms based on reductions in the tunnelling barrier ( <j>) inside the sample region 
can be discounted [250] . 
In a typical STM experiment, a potential of approx. 2 V is applied across the very small 
gap (typically 10 A) between the tip and the substrate, giving rise to a very high field in 
the tip/sample region of about 107 V cm-1, causing electrons to be injected into the 
sample. Since biomolecules are soft and disordered, charge transfer to their surface 
layers will cause intermolecular and intramolecular relaxation which split the valence 
band upwards and the conduction band downwards in such a way that they behave as 
donors and acceptors, with energies close to the Fermi level of the underlying substrate 
[250,252]. The extent of relaxation is strongly dependent on the water content (a 
polarisable medium) of the biomolecule. Energy levels may also be affected by pressure 
applied to the sample by the scanning tip [253], or by doping caused by dissociation of 
the carboxy group in proteins to coo- and H+ depending on pH [254] . 
It has been proposed that conduction by ions in the hydration layer may occur instead of 
tunnelling through biomolecules [246]. The conductivity of water due to protons is 
0.35x10-pH S cm-1 , and 0. 1c S cm-1 ,  where c is the concentration of the ion (mol dm-3) 
for most other ions. The concentration of ions in the hydration layer will be even 
greater than in bulk solutions, bringing the ionic conductivity close to the conductivity 
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observed in STM experiments, although it is very unlikely that ionic conductivity alone 
is responsible. 
8.1.2.2 Tunnelling tips 
The characteristics of the scanning tip are critically important for biological STM 
applications, since the corrugated nature of biomolecules can cause the point of the tip 
coming closest to the sample to vary during a scan. Thus, an STM image is a 
'convolution' of the biomolecule topography with the shape of the tip. The best images 
can be obtained with a tip which is ideally sharp over a length approximately equal to 
the specimen corrugation. In addition, the tip must be mechanically stable. 
Tunnelling tips for biological applications are mostly made of tungsten (W), gold (Au), 
or platinum alloys, such as platinum/iridium (Ptllr), which are usually prepared by 
electrochemical etching. Mechanically cut tips, often used in non-biological STM 
applications, tend to have multiple tips, which produce superimposed images. 
8.1.2.3 Substrate materials for STM studies 
The substrate material is of prime importance in biological STM investigations. Whilst 
the substrate must be mechanically rigid and of sufficient conductivity, the surface 
corrugation should be small compared with the dimensions of the species under 
investigation. The bonding interaction between the substrate and biomaterial must 
provide good electrical contact and be sufficiently strong so as to immobilise the sample 
efficiently, thus preventing any lateral motion of the adsorbed species. During scanning, 
the interaction between the tip and the molecule competes with that of the biomolecule 
and the substrate; therefore, any weak bonding between and the substrate will result in 
the removal of the material by the tip as it is rastered across the surface. However, the 
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biomolecule/substrate interaction should not be so great as to produce conformational 
changes to the biomolecule. 
The majority of STM studies of biomolecules have been carried out on highly oriented 
pyrolytic graphite (HOPG) substrates [255], although gold ( 100) and ( 1 1 1) ,  and carbon 
films (or Pt/Ir/C, Pt/C, Ptl Au films) evaporated on cleaved mica have also been used 
[256,257]. HOPG might be considered to be an excellent substrate for biological 
studies as it can be flat on an atomic scale over thousands of angstroms and is also 
chemically inert. However, it can be difficult to obtain a sample with a reasonable 
coverage of biomolecules and interpretation of the data must be treated with caution 
owing to the many inherent artefacts and fine structures on graphite itself [258,259]. In 
addition, the tip can displace flakes of graphite from the surface [258]. Thus small 
biomolecules, which would have lower binding forces, might be expected to move by 
the STM probe whereas larger molecules, such as DNA, might prove difficult to 
displace and thereby facilitating imaging. 
To overcome these problems, the use of group VI layered transition metal 
dichalcogenides n-MX2 (M = W, Mo; X = S, Se, Te) as substrates have been 
investigated [ 1 59,260,261] .  These materials are sufficiently flat on an atomic scale, 
stable in air and are also relatively chemically inert. Fresh surfaces may be achieved by 
a simple cleaving technique, removing the upper layers. Among this class of 
compounds, molybdenum telluride (n-MoTe2) has proved to be the most successful 
substrate material. In this semi-conductor, the top of the valence band is of less pure 
metallic d-band character than that of the sulphide and selenide analogues [262] . The 
increased hybridisation of the chalcogenide 5p orbitals with metal d-orbitals might, 
therefore, result in a more directed bonding interaction at the outermost surface layer 
than with n-MoS2 or n-MoSe2, for instance, which exhibit more ideal van der waals 
behaviour [263] . This has been illustrated by a study of the surface reactivity of the 
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different dichalcogenide analogues in the presence of oxygen [264] , where n-MoS2 and 
n-MoSe2 showed a decreased tendency towards oxidation compared to n-MoTe2. This 
was attributed to the different degrees of metal-d/chalcogenide-p orbital mixing in the 
valence band maximum. For n-MoTe2, both Mo03 and Te03 could be detected, 
emphasising the increased covalent nature of n-MoTe2. 
n-MoTe2 has a layered structure consisting of monolayers of Mo atoms sandwiched 
between monolayers of Te atoms, assembled in stacks (Fig. 8. 1 ). Each layer is defined 
by a trigonal prismatic arrangement with nearest neighbour distances of 3.52 A and a 
van der waals gap of 3.4 A between layers [265] .  Triangular defects can be induced on 
the surface of n-MoTe2, thereby exposing strong covalent metal d-type bonds at the 
surface [266] . These locations appear to act as specific bonding centres for large 
molecules without causing any great changes to their lateral shape, provided that the 
defect site is much smaller than the adsorbed species. Optimum tunnelling from the 
valence band was calculated to occur at an applied potential of -0.7 V [260] , and 
indeed, the least noisy and best resolved images were obtained at this potential. 
8.1.2.4 Substrate materials for AFM studies 
For AFM studies, the use of insulating materials as substrates is permitted, and freshly 
cleaved mica produces a much better surface than most graphite samples [267] . The 
biomolecule/substrate interaction is as equally important in AFM imaging as with STM, 
and binding can be dramatically improved with the use of chemically modified 
substrates [267]. 
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Fig. 8. 1 Structural arrangement of the layered compound n-MoTe2; , • represents Mo 
atoms , 0 represents Te atoms; (a) trigonal prismatic arrangement of the metal 
chalcogenide atoms within a single layer; (b) schematic view of the layer arrangement 
also showing the interlayer gap; (c) atomistic view of the structure, including interlayer 
spacing and change in metal position; (d) atomistic top view of a layered surface; 
section (c) indicates the position at which structural data for Fig. 8 . l (c) have been 
shown. 
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8.1.2.5 Biomolecules investigated by SPM 
A wide-range of biomolecules have been studied including proteins, deoxyribonucleic 
acid (DNA), bacteriophages and recA-RNA complexes [268-27 1 ]  and STM 
experiments on uncoated biological samples of thicknesses of about 200 A have been 
successfully carried out [256]. 
Much of the present literature on STM of biomolecules has been concerned with DNA 
and relatively few studies of enzymes have been reported. This may, in part, reflect the 
experimental difficulties associated with the imaging of these smaller molecules in (a) 
ensuring adequate biomolecule/substrate attachment and (b) the very considerable time 
necessary to locate these smaller biomolecules. 
8.1.2.6 STM of reverse transcriptases 
Images of reverse transcriptases (RTs), retroviral enzymes, of the avian myeloblastosis 
virus (AMV), the moloney murine leukaemia virus (MuLV) and the human 
immunodeficiency virus (HIV-1 )  have been successfully imaged by STM [260,261 ,272]. 
These enzymes play a key role in viral reproduction by their ability to express viral 
ribonucleic acid (RNA) into double stranded DNA which is then integrated into the host 
cell genome [273,274]. Structural investigations on the function and mode of operation 
of the enzyme have, until now, been difficult to perform, despite the information 
available on DNA-synthesis mechanisms [275,276], structure predictions [277,278], 
small angle neutron scattering [279] and X-ray diffraction (XRD) data [280,28 1 ] .  Such 
structural information may prove to be of great assistance in the search for successful 
treatments of immunological diseases such as acquired immune deficiency syndrome 
(AIDS), where it is known that the low fidelity of the enzyme function is reflected in the 
high mutation rate of the virus in vivo [282,283] .  It  is this mutability that prevents a 
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major challenge to the development and formulation of vaccines and antiviral drugs for 
HIY [284] . 
8.1.2. 7 Activity and structure of reverse transcriptases 
AMY and HIY - 1  reverse transcriptases (RTs) exhibit both synthetic and degradative 
functions [274,285] .  The former is  the DNA polymerase activity, and the latter 
degradative activity that of a ribonuclease H (RNase H). 
With regard to the DNA polymerase activity, RT can utilise both polyribonucleotides 
and polydeoxyribonucleotides as templates to direct the synthesis of complementary 
polydeoxyribonucleotides [286] . These enzymic activities have been referred to as 
RNA-directed DNA polymerase and DNA-directed DNA polymerase, with the two 
activities being inseparable and appearing to share a common active site. The enzyme 
can efficiently transcribe both homopolymers and heteropolymers, although, as with 
other DNA polymerases, a preformed primer is necessary to initiate DNA synthesis. 
However, AMY catalyses the incorporation of an exceptionally large number of 
incorrectly paired bases when copying ribonucleotide and deoxyribonucleotide 
templates [287]. This is probably due to the absence of a 3 '-5' exonuclease activity. 
The RNase H activity degrades the RNA moiety of an RNA/DNA hybrid [288] .  RNase 
H associated with AMY RT acts as a progressive exonuclease [289], i.e. once the 
enzyme is bound to the polynucleotide chain substrate completely degrades the 
substrate before being released. Although both DNA polymerase and RNase H 
activities reside on the same polypeptide, they have different functional sites [274]. 
Although the function of the RTs of AMY and HIY-1 is identical, their structures are 
very different. The AMY RT consists of two subunits, a and �. 65 kD and 95 kD 
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respectively, in an equimolar ratio [290] . The p subunit is converted to the a subunit 
on prolonged storage at -70°C, possibly due to proteolytic activity in the storage buffer. 
It thus appears that a and p are structurally related, with a probably being derived from 
p. The P subunit has not been isolated, due to its labile nature, although an ap complex 
appears to be the most stable form of the enzyme. Both a and ap exhibit DNA 
polymerase and RNase H activity [29 1 ] ,  although the latter shows a greater template 
binding affinity [292] . 
Similarly, virial HIV-1 RT exists as a heterodimer consisting of one 5 1  kD and one 66 
kD subunit. The heterodimer is first produced as a 66 kD/66 kD homodimer, which is 
cleaved with the removal of one of the carboxy-terminal RNase H domains, to form the 
active 5 1  kD/66 kD heterodimer. This species has only one RNase H site, and, more 
surprisingly, a single polymerase active site [ 193]. 
The arrangement of the 66 kD subunit can be likened to that of a 'hand', Fig. 8.2 [280], 
with the various domains termed 'fingers', 'palm', 'thumb', 'connection' and 'wrist', of 
which the latter is the RNase H domain. The juxtapositions of domains within each 
subunit, as well as their internal tertiary structure, are radically different for the 66 kD 
and 5 1  kD subunit. Particularly, the tertiary structure of the palm domain, thought to 
be the site of polymerase activity, is very different in both subunits, probably explaining 
why only the 66 kD unit exhibits polymerase activity. The polymerase active site itself 
lies at one end of a cleft and extends the considerable distance across the molecule to 
the RNase H domain. A major role of the 5 1  kD subunit may be to recognise the 
anticodon and dihydrouridine stems and loops of the primed template [293] .  If the 
'hand' analogy is taken as a model for the 66 kD/66 kD homodimeric precursor, then the 
additional RNase H domain would be extended from the back of the molecule, partially 
unravelling the structure observed in the other subunit and exposing the previously 
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buried cleavage site. This provides a satisfying explanation for the formation of stable 
5 1  kD/66 kD heterodimer [280] . 
Proposed tRNA 
b i nd ing site 
S l kDa 
66kDa 
S l kDa 
(a) 
5' end of template 
(b) 
Fig. 8.2 Proposed structure of 5 1  kD/66 kD heterodimer of HIV-' 1 RT on the basis of 
available x-ray data [293]; (a) a schematic view of the approximate subdomain 
organisation; (b) schematic showing the proposed interaction between the enzyme and 
oligonucleotide; not drawn to scale. 
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8.1.3 Objectives 
In Chapter Four, the topology of the film formed from the electropolymerisation of (E)-
2-styrylpyrrole (15) was found to be extremely smooth and uniform, quite different to 
all the other polymers investigated. Although poly((E)-2-styrylpyrrole (15)) showed an 
absence of redox behaviour, the film was doped with incorporated Cl04- anions and 
thus, the charged nature of this film may be sufficient to be used as an immobilisation 
matrix for biomolecule SPM imaging. 
Before attempting STM studies on enzyme/polymer composites, experiments directed 
towards obtaining optimum images of biomolecules in the absence of polymers will be 
carried out. In these experiments, the 5 1kD/66kD heterodimer and 66 kD/66 kD 
homodimer of the HIV-1 reverse transcriptase (RT), and RNA/DNA hybrids formed 
from the first strand synthesis of RNA by AMV reverse transcriptase will be studied. 
Molybdenum telluride (n-MoTe2) will be used as a substrate since this material does not 
show the artefacts commonly observed on graphite. These studies should allow a 
background for further work in SPM imaging of polymer/enzyme composites . 
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8.2 Results and Discussion 
8.2.1 SPM of biomolecules 
The underlying n-MoTe2 substrate was imaged by STM prior to the biomolecules of 
interest. This was important to ensure that images obtained on the substrate were 
indeed those of the biomolecules and not artefacts from the n-MoTe2• In addition, 
examination of the inherent triangular type defects in n-MoTe2 allows calculation of tip 
radius [ 159] , an important parameter when evaluating magnification factors. 
8.2.1.1 STM of n-MoTe2 substrate 
Fig 8.3 shows an atomic resolution image of n-MoTe2, with ordered arrays of atoms 
clearly visible. Two dimensional fourier transform analysis revealed a characteristic 
periodicity of 3.5 A which is in excellent agreement with the Mo-Mo bond length of 
3.52 A obtained from crystallographic data [294] . Therefore, it is likely that only 
molybdenum atoms are imaged, since the periodicity does not correspond to the Mo-Te 
or Te-Te bond lengths of 2.7 1 and 3.60 A respectively [294]. 
The surface of the n-MoTe2 substrate exhibited a number of defects of varying sizes, all 
of which possessed a triangular shape in accordance with the basic lateral structure. 
The depth of the triangles was examined for larger defects and was found to be 7 A 
(one layer) or 14 A (double-layer distance) [295]. 
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(Original in colour) 
Fig. 8.3 STM image of n-MoTe2; Ut=-0.7 V (sample negative), Jt= 1 .4 nA (constant 
height mode). 
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Magnification effects commonly observed in STM images may be related to the 
diameter of the scanning tip, with greater magnification effects produced by an 
increased tip radius. Thus, in order to correlate the sizes of biomolecules, as obtained 
by STM, it is necessary to calibrate the tip radius. This was performed by scanning the 
same tip used for biomolecule imaging across a large triangular defect, as shown in Fig. 
8.4, and measuring the deviation from the expected perpendicular step profile [ 1 59]. A 
schematic diagram for the evaluation and calculation of effective tip radius is shown in 
Fig. 8 .5 .  By using the geometric expression R=(a2+h2)/2h, where R=tip radius (A), 
a=horizontal distance (A) and h=vertical distance (A), an average value for the tip 
radius could be calculated [ 1 59] and in these studies, tip radii were typically found to be 
in the range 150-200 A, which resulted in a magnification factor of about 3. 
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Fig. 8.4 STM line scan across a large triangular defect on an n-MoTe2 surface for 
calibration of the effective tip radius; the average radius has been evaluated through 
three scans of three different directions. Ur=-0.7 V (sample negative), Jr=0.2 nA 
(constant current mode). 
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Fig. 8.5 Model consideration of magnification processes due to tip radius effects on 
non-periodic samples; (a) geometric model; (b) magnification and blurring effects 
(upper part) by imaging a circular ring-type structure (lower part). 
235 
8.2.1.2 STM of the 51 kD/66 kD heterodimer of HIV-1 RT 
Only dialysed samples could be successfully imaged, since undialysed samples, even 
after dilution by a factor of one hundred, left a thick deposit of buffer salts on the 
surface which completely prevented imaging. Fig. 8.6 shows a top view STM image of 
the 5 1  kD/66 kD heterodimer of the HIV-1 RT, with the two subunits clearly visible. 
The 'central hole', previously observed in STM investigations of the single 66 kD 
subunit [272], can also be seen in the lower subunit of Fig. 8.6, suggesting it to be the 
larger 66 kD subunit. The diameter of the central hole was found to be 23 . 1  A, in 
agreement with the range of previously reported values of 20-30 A [272]. The height 
of the biomolecule ranged from approx. 7 A, at the extremities of the biomolecule, to 
approx. 33 A at the highest point where the two subunits were connected. These 
dimensions also agree well with those obtained from STM images of the 66 kD subunit 
[272] . However, a discrepancy exists between the observed dimensions of the external 
diameter of the 66 kD subunit of the heterodimer and the single 66 kD subunit. The 
former appears to have a diameter of 1 12 A, while the single subunit has a diameter of 
60-65 A. However, the scanning tip used to obtain this image had a radius of 1 55 A, 
which should result in image magnification by a factor approx. 2.5. Thus, the actual 
external diameter of the 66 kD subunit should in fact be 45 A, a value in closer 
agreement with previous work [272]. 
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(Original in colour) 
Fig. 8.6(a) STM 'top view' image of the 5 1  kD/66 kD heterodimer of the HIV- 1 
reverse transcriptase on n-MoTe2• Ut=-0.7 V (sample negative), Jt=0.2 nA (constant 
current mode). 
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(Original in colour) 
Fig. 8.6(b) STM 'top view' image of the 5 1  kD/66 kD heterodimer of the HIV - 1  
reverse transcriptase on n-MoTe2• Ut=-0.7 V (sample negative), Jt=0.2 nA (constant 
current mode). 
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Fig. 8.7 shows a line plot of the 5 1  kD/66 kD heterodimer, which helps to show the 
existence of the two distinctive subunits. They appear very similar structurally, 
consistent with the view that the 5 1  kD subunit is derived from the 66 kD subunit 
[293] .  Information obtained from neutron small-angle scattering studies [28 1 ] ,  show 
the heterodimer to be a flat molecule consisting of two subunits, a 5 1  kD subunit and a 
66 kD subunit, with a centre-to-centre (of mass) distance of 3.25±0.37 run. In Fig. 8 .7, 
the two subunits of the heterodimer possess a centre-to-centre (of high points at th';!ir 
site of fusion) distance of 3.2 nm, which correlates with the neutron small-angle 
scattering results [279]. Although the dimensions obtained from the current STM 
investigation agree well with those obtained from scattering studies, the spatial 
arrangement of the subunits differs for the two methods. Neutron scattering studies 
suggest that the two subunits are joined 'face-to-face' (one on top the other) at their flat 
sides, while STM studies show a 'end-to-end' (in one plane and not on top of each 
other) in agreement with recent X-ray data [280]. 
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(Original in colour) 
Fig. 8.7 STM 'line-plot' image of the 5 1  kD/66 kD heterodimer of the HIV-1 reverse 
transcriptase on n-MoTe2; U1=-0.7 V (sample negative), 11=0.2 nA (constant current 
mode). 
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Fig. 8.8 shows a schematic of the line plot STM image of Fig. 8.7, highlighting the 
topology of the 5 1  kD and 66 kD subunits of the HIV- 1 RT heterodimer. This 
schematic was obtained by comparing the STM image of Fig. 8.7 with structural 
information obtained from X-ray studies [280] . STM shows the two subunits joined at 
the 'connection' domains, in agreement with X-ray studies [280] . The horseshoe-like 
cavity in the 66 kD subunit is more apparent than in the 5 1  kD subunit, probably 
attributable to the different arrangement of domains within the latter subunit [293] . The 
RNase H domain of the 66 kD subunit is probably folded underneath the enzyme near 
the connection domain (Fig. 8.8). The palm domain of the 66 kD subunit has been 
shown in previous work to be the site of polymerase activity [280] . 
thumb 
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------ active centre 
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Fig. 8.8 Schematic of the 5 1  kD/66 kD heterodimer of the HIV-1 reverse transcriptase 
showing various domains. 
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8.2.1.3 STM of the 66 kD/66 kD homodimer of HIV - 1  RT 
Fig. 8 .9 shows a top view STM image of the 66 kD/66 kD homodimer of the HIV- 1 
RT. Although this image is of poorer resolution than that of the homodimer, some 
interesting features can still be observed. In contrast to the heterodimer, the two 
subunits appear more widely separated, consistent with neutron scattering studies which 
show a slightly larger centre-to-centre (of mass) separation between the two subunits 
(3.38±0.42 nm). This may be due to the weaker interaction between the two subunits 
in the homodimer, as a result of steric constraints caused by an additiona1 1 5  kD RNase 
H domain [280] . The individual subunits themselves appear very similar, possessing 
'horseshoe-like' conformations, as observed elsewhere [ 159] ,  with the central opening 
having a width of approx. 1 .56 nm. The height and width of the subunits are approx. 
4.8 nm and 3.5 nm, respectively. 
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(Original in colour) 
Fig. 8.9 STM image of the 66 kD/66 kD homodimer of the HIV-1 reverse transcriptase 
on n-MoTe2• Ut=-0.7 V (sample negative), Jt=0.2 nA (constant current mode) . 
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8.2.1.4 STM of RNA/DNA hybrids 
Fig. 8. 10  shows an STM image of a partially transcribed RNA/DNA hybrid with AMV 
RTs attached at various locations along what appears to be the RNA portion of the 
chain (incubation time 30 s at 22.5°C; reverse transcription terminated by immersion in 
dry-ice (Solution D', Chapter Two)). Imaging of hybrids in which the synthesis was 
terminated with EDTA (Solutions A' and C') were unsuccessful and only revealed 
aggregates of biomolecules and EDT A crystallites. 
It was originally thought that the RNA strand in Fig. 8. 1 0  may simply be a step on the 
n-MoTe2 surface, since the feature appears fairly straight, over a distance of some 600 
nm, in contrast to the coiled and looped conformations of RNA and DNA observed in 
other SPM studies [239,296] . A step on the substrate would also provide a suitable site 
for attachment of enzymes. However, closer examination of the feature (Fig. 8. 1 1 ) 
revealed a periodicity of 33 A, typical of RNA and a height of 1 3  A. This suggests that 
the strand is more likely to be RNA rather than a step on the substrate. However, the 
RNA is larger than expected for a 1000 base-paired RNA strand, since if the RNA 
possesses a periodicity of 34 A, with 10  bases per turn of the helix, a length of 340 nm 
would be anticipated and not 600 nm as observed in the current work. There is a slight 
possibility that the RNA chain is greater than 1000 base-pairs, although this is unlikely 
as the control RNA was specifically built to 1000 base-pairs and contains no long 
terminal repeats (LTRs) [ 1 56]. This discrepancy can only be explained by the presence 
of two RNA strands lying along the same plane. 
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(Original in colour) 
Fig. 8 . 1 0(a) STM image of several AMV reverse transcriptases attached to an 
RNA/DNA hybrid on n-MoTe2• The imaged chain consists primarily of RNA, although 
the RNA/DNA hybrid can be seen to the top right of the image. U1=-0.7 V (sample 
negative) ,  J1=0.2 nA (constant current mode). 
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(Original in colour) 
Fig. 8. 10(b) STM image of several AMV reverse transcriptases attached to an 
RNA/DNA hybrid on n-MoTe2. The imaged chain consists primarily of RNA, although 
the RNA/DNA hybrid can be seen to the top right of the image. Ut=-0.7 V (sample 
negative), Jt=0.2 nA (constant current mode). 
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(Original in colour) 
Fig. 8. 1 1  STM image of the RNA section of the RNA/DNA hybrid on n-MoTe2, 
showing the characteristic 33 A helicity of RNA. U1=-0.7 V (sample negative), 11=0.2 
nA (constant current mode). 
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The upper strand in Fig. 8. 1 0  is likely to be that of DNA since the measured height of 
33 A is in close agreement with x-ray diffraction studies (25 A) [297] and other STM 
measurements [298]. However, the width of the strand is considerably magnified to a 
value of 220-230 A owing to image broadening due to the large tip radii. This 1 0  fold 
magnification is not uncommon and has been observed in other SPM studies of DNA 
molecules. 
It was surprising to see a large number of AMV RTs attached to the RNA strand (Fig. 
8. 1 0), since transcription is performed by a single RT enzyme. However, the 
relationship between number of RTs present and the interaction with RNA has not been 
reported. It is possible that several enzymes loosely attach themselves to the RNA 
strand in an attempt to find primer binding sites. However, as there is only one primer 
binding site per strand, only one RT will be successful and be able to carry out first 
strand transcription. The remaining loosely attached RTs may therefore detach from 
the RNA but what happens is not clear. 
With successive scanning, most of the RTs were removed by the scanning tip, although 
the RNA and RNA/DNA hybrid strands remained unaffected. A structure at the top of 
the image in Fig. 8. 1 0, which may be an activated RT at the RNA/DNA interface, also 
remained fully intact (Fig. 8. 1 2(a) and (b)), indicating a greater binding affinity of this 
structure to the RNA strand. Fig. 8. 1 3  shows another section of the RNA/DNA chain. 
The area in the upper region, where DNA strand synthesis appears to start, may be that 
of the 5'-terminus of the DNA. 
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(Original in colour) 
Fig. 8. 12(a) Magnified top view STM image of the RNA/DNA hybrid section of the 
chain obtained on the second scan. Ut=-0.7 V (sample negative), Jt=0.2 nA (constant 
current mode). 
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(Original in colour) 
Fig. 8 . 12(b) Magnified line plot STM image of the RNA/DNA hybrid section of the 
chain obtained on the second scan. Ut=-0.7 V (sample negative), Jt=0.2 nA (constant 
current mode). 
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(Original in colour) 
Fig. 8. 13 Magnified STM image of the RNA/DNA hybrid section of the chain obtained 
on the second scan. U1=-0.7 V (sample negative), 11=0.2 nA (constant current mode). 
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Closer examination of the AMY RTs furthest from the DNA section of the hybrid (Fig. 
8. 14) revealed some interesting features. Fine structures, which may be pd(T)1 5 primer 
molecules, were observed on the right hand side of each RT, although it cannot be 
discounted that these may be attributed to tip effects. In addition, a feature in the upper 
section of the topmost enzyme in Fig. 8. 14 may be that of a second RNA/DNA hybrid 
strand, as the dimensions correspond with those of the hybrid section in Fig. 8 . 1  0. 
8.2.2 SPM studies of poly((EJ-2-styrylpyrrole (15)) 
No STM images of poly((E)-2-styrylpyrrole (15)) were obtained despite the use of a 
wide-range of tunnelling parameters. This may be the result of the low film 
conductivity (cr: 10-6 S cm-1 )  or surface roughness. However, AFM investigations 
confirmed the polymer's overall smooth topology, even at this high resolution (Fig. 
8. 15) ,  although a regular micronodular corrugation was apparent with features of 
heights ranging from 2-5 nm and widths of approx. 80 nm. These features are too large 
for this polymer to be used as a substrate material. However, thinner films or 
monolayers may be sufficiently smooth for polymer/enzyme SPM studies and these 
should be investigated in future work, together with in-situ 'wet cell' SPM techniques. 
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(Original in colour) 
Fig. 8. 14 STM image obtained from the first scan of AMY reverse transcriptases 
attached to the RNA portion of an RNNDNA hybrid on n-MoTe2• 
U1=-0.7 V (sample negative), 11=0.2 nA (constant current mode). 
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(Original in colour) 
Fig. 8. 15  AFM image of poly((E)-2-styrylpyrrole (15)) on ITO glass. Image obtained 
in the constant force (contact) mode using a scan range of 7000 nm (2000 nm shown) 
and a scan rate of 50000 nm s-1 . 
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8.3 Conclusions 
STM has been used to investigate the structures of the 5 1  kD/66 kD heterodimer and 
the 66 kD/66 kD homodimer of HIV-1 RT on n-MoTe2. In the former, the two 
subunits, with a horseshoe-like central cleft in the 66 kD subunit, were clearly visible. 
The dimensions of the RT were in agreement to those of X-ray studies. The image of 
the 66 kD/66 kD homodimer of HIV - 1  was less resolved than that of the heterodimer, 
although the subunits were seen to be more widely spaced apart, which may be due to 
steric constraints imposed by the additional 15  kD RNase H domain. 
RNA/DNA hybrids formed from the first strand reverse transcription of a control RNA 
using AMY RT were also successfully imaged and biomolecule dimensions were in 
good agreement with data obtained from X-ray studies. 
No STM images of poly((E)-2-styrylpyrrole (15)) were obtained despite the use of a 
wide-range of tunnelling parameters. This may be the result of the low film 
conductivity (cr: l Q-6 S cm-1) or surface roughness. However, AFM investigations 
confirmed the polymer's overall smooth topology, although a regular micronodular 
corrugation was apparent with features which would render the film unsuitable for use 
as a substrate material for the SPM imaging of biomolecules. However, since 
electrochemical methods offer considerable control over conducting polymer 
morphology, it should be possible to produce films of poly((E)-2-styrylpyrrole (15)) 
with surfaces corrugations much less than biomolecule dimensions, thus allowing their 
use for such applications. 
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CHAPTER NINE 
CONCLUSIONS 
9.1 Summary 
The electropolymerisation of some novel polyheterocycles has been investigated. In the 
initial studies, the electrochemical behaviour of (E)-3-styrylthiophenes, thiophene 
compounds containing a substituted phenyl group separated by an alkene spacer, is 
described. In such systems, it was proposed that the molecular geometry should allow 
the 7t-electron density of the phenyl group to be delocalised with that of the thiophene 
ring by means of the alkene spacer. The presence of this unsaturated linkage should 
also minimise steric hindrance between the two rings. Although films were deposited 
on the anode surface by electropolymerisation of (E)-3-styrylthiophenes, the 
conductivities were of the order of lQ-6 S cm-1. The nature of the films was investigated 
by electrochemical and microscopic techniques. Potentiodynamic studies indicated that 
the alkene spacer linkage may be subject to irreversible electrooxidation. Redox 
behaviour was absent from cyclic voltammograms, although XPS studies showed 
polymers were doped. The low conductivity and absence of redox behaviour in the 
films was attributed to oxidation of the alkene spacer linkage, resulting in the formation 
of a dense crosslinked polymeric matrix causing a disruption in the degree of 
conjugation of the polymer backbone. 
Polymeric films with conductivities in the order of 10-6 S cm-1 were produced by 
electro-oxidation of (EJ-2-styrylheterocycles. Under the experimental conditions used, 
the films were redox inactive, with similar electrochemical behaviour and properties to 
those of the (E)-3-styrylthiophenes, where a complex polymerisation pathway involving 
crosslinking and/or polymerisation through the alkene spacer linkage was proposed. 
Solid-state NMR, FT -IR and photoacoustic-IR showed the presence of saturated 
carbon atoms which would inevitably lead to a decrease in conjugation length. 
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However, m all cases, stable coherent films were obtained from the 
electropolymerisation reaction. 
To protect the double from electro-oxidation without causing a disruption in planarity, 
an electron withdrawing nitrile group was introduced at the alkene spacer linkage. 
Electropolymerisation of (Z)-a,p-diarylacrylonitriles containing one heterocyclic species 
produced thick adherent films, but in the majority of cases the nitrile substituent was 
unable to suppress oxidation of the double bond and crosslinked redox inactive films of 
low conductivity (cr: I0-6 S cm-1) were produced. In contrast, electropolymerisation of 
(Z)-a,p-diarylacrylonitriles containing two heterocycles produced highly doped redox 
active polymers of enhanced conductivity (cr: 1 04 S cm-1) .  Dendritic structures, 
thought to be the result of unidirectional polymer growth via a,a'-linkages, were 
observed for poly((Z)-a-(2-thienyl)-P-(2'-pyrryl)acrylonitrile) (38)) and poly((Z)-a-(2-
thienyl)-P-(2'-furyl)acrylonitrile) (39)) .  
The electropolymerisation of some sterically hindered five member heterocycles (2,5-
dimethylthiophene and 1, 1 ', 1 11, 1 "'-silanetetrayltetrakis-J H-pyrrole ( 40)) was investigated 
in order to evaluate the effect of blocking heterocyclic a-positions normally required for 
monomer coupling. In the case of 2,5-dimethylthiophene a thick black ftlm was 
electrodeposited on the anode surface as a result of electrochemical polymerisation 
through the p,pt-positions. Although XPS studies showed that the polymer was doped, 
with 3.9 monomer units per dopant anion, the ftlm was redox inactive with a 
conductivity of 10-6 S cm-1 .  This was attributed to limited conjugation of rr-electrons 
along the polymer backbone due to steric effects and reduced conjugation of the p,pt­
linkages. Oligomeric solution species comprising of up to five monomer units, formed 
during electropolymerisation, were characterised by mass spectrometry. 
Electropolymerisation of 1 ,  1 ', 1 11, 1 "'-silanetetrayltetrakis-1 H-pyrrole ( 40) produced a 
smooth and very adherent ftlm, possessing redox activity, although to a much reduced 
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extent than polypyrrole. Although a conductivity of lQ-6 S cm-1 was measured, the film 
contained one BF4- anion for every 1 .94 monomer units. Molecular mechanics 
calculations suggest that inter- and intra-molecular couplings can both occur, resulting 
in the formation of a dense three-dimensional matrix, which significantly reduces the 
degree of conjugation of the polymer backbone. This work further illustrates the 
importance of a,a-linkages and extended conjugation in polymer conduction. 
Electro-oxidation does not always result in the formation of electroactive materials, 
since some reactions produce insulating films or soluble oligomers. Density functional 
theory (DFT) proves to be a convenient preliminary method for predicting the outcome 
of electropolymerisation reactions. Specifically, calculations of the unpaired electron 7t­
spin density distribution of monomeric radical cations indicate coupling positions in the 
resultant polymers. DFT theory was used to investigate the low conductivity ( 10-6 S 
cm-1 )  and redox inactivity of poly((E)-3-styrylthiophenes) and poly((E)-2-
styrylheterocycles). High positive n-spin densities at the alkene spacer linkage in the 
corresponding monomeric radical cations were found, suggesting crosslinking of the 
polymers via the double bond as was indeed observed experimentally. In contrast, DFT 
calculations for (Z)-a,�-diarylacrylonitriles containing two heterocyclic species show 
positions of highest n-spin density to be located at the a-positions of the heterocyclic 
rings, couplings via the a,a'-positions which is necessary for electroactivity. These 
types of calculation represent a useful predictive tool to screen novel monomers prior to 
experimental investigation and the approach may form a key step in the rational design 
of novel conducting polymers via computational methods. 
Final studies addressed the use of polymers for enzyme immobilisation. STM 
investigations of enzymes such as the 5 1 kD/66 kD heterodimer and 66 kD/66 kD 
homodimer of the HIV - 1  reverse transcriptase and RNA/DNA hybrids, which may be 
used in the immobilisation studies, on an n-MoTe2 substrate were carried out. In the 5 1  
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kD/66 kD heterodimer, two subunits with a horseshoe-like central cleft in the 66 kD 
subunit were clearly visible. The dimensions of the RT were in agreement to those of 
X-ray studies. The image of the 66 kD/66 kD homodimer of HIV-1 was less resolved 
than that of the heterodimer, although the sub units were seen to be more widely spaced 
apart, which may be due to steric constraints imposed by the additional IS  kD RNase H 
domain. RNA/DNA hybrids formed from the first strand reverse transcription of a 
control RNA using AMV RT were also successfully imaged and biomolecule 
dimensions were in good agreement with data obtained from X-ray studies. 
AFM studies of poly((E)-2-styrylpyrrole (15)) , an extremely smooth polymer which 
may be suitable for immobilisation studies, revealed a micro-corrugated topology with 
features of heights ranging from 2-5 nm and widths of approx. 80 nm. However, since 
electrochemical methods offer considerable control over conducting polymer 
morphology, it should be possible to produce thin fllms of poly((E)-2-styrylpyrrole) 
with surfaces corrugations much less than biomolecule dimensions, thus allowing their 
use for such applications. These preliminary studies have provided a basis further work 
in SPM imaging of polymer/enzyme composites. 
9.2 Suggestions for further work 
High conductivity is still envisaged for the polymers containing conjugated double 
bonds. The low conductivities and absence of redox behaviour for many of the 
polystyrylheterocycles has been attributed to the result of electrooxidation of the alkene 
spacer linkage. To overcome this problem, an alternative synthesis via a precursor 
polymer might be investigated. This would involve the electropolymerisation of a 
thiophene derivative, which upon elimination of a small molecule, would produce the 
polystyrylheterocycle with an intact alkene spacer linkage. 
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Evidence for unidirectional polymer growth via the a,a'-linkages was observed in 
poly((Z)-a.-(2-thienyl)-�-(2'-pyrryl)acrylonitrile (38)) and poly((Z)-a.-(2-thienyl)-�-(2'­
furyl)acrylonitrile (39)). Electrosynthesis of these polymers under a much wider range 
of experimental conditions should be investigated, since these polymers show potential 
for use as wires in molecular electronic devices. 
DFT calculations on model systems yield spin density values in good agreement with 
experimental values. Spin density calculations have been successfully employed to 
interpret the coupling steps in the anodic electropolymerisation of a range of monomers. 
For the majority of the systems studied in this thesis, the calculations have only been 
undertaken on monomer units. This enables potential initiation coupling sites to be 
inferred, but it is important now to extend these calculations to dimers, trimers and 
higher oligomers in order to examine changes in the 1t-spin densities as the polymer 
grows. Although n-spin density distribution plays a major role in determining the 
location of coupling sites, it is clear that steric influences will be an important factor for 
many systems. Further modelling studies on suitable model systems should be 
undertaken in order to investigate the relative effects of these factors in coupling steps. 
DFT calculations represents a useful predictive tool to screen novel monomers prior to 
experimental investigation and the approach may form a key step in the rational design 
of novel conducting polymers via computational methods. Electronic properties, other 
than spin density, such as charge density, relative energies, ground state electronic 
configurations, ionisation potentials and electron affinities can also be calculated from 
DFT. It is envisaged that such calculations could be applied to oligomers or polymers 
to predict electronic and optical properties. 
A preliminary STM investigation of HIV - 1  and AMV reverse transcriptases has been 
carried out. Further work should address substrate materials and biological 
immobilisation techniques. Non-contact AFM methods and imaging in aqueous 
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solutions are crucial to minimise deformation of biomolecules and allow imaging under 
near-physiological conditions. 
Poly((E)-2-styrylpyrrole (15)) was insufficiently flat for use as a substrate material for 
biomolecule SPM imaging. However, electrochemical methods offer considerable 
control over conducting polymer morphology, and thus it may be possible to produce 
thin films or monolayers of reduced surface corrugation. In-situ electrochemical STM 
studies, using an atomically flat substrate such as gold, should be carried out to study 
nucleation, growth and topology of thin layers or monolayers of polymers. Similar 
experiments in the presence of enzymes should then be carried out. 
261 
REFERENCES 
1 .  A. F. Diaz, K. K. Kanazawa and G. P. Gardini, J. Chem. Soc., Chem. 
Commun. , ( 1979) 635. 
2. A. R. Hepburn, J. M. Maud and J. M. Marshall, Met. Mater. (Inst. Mater.), 
7( 1 2) ( 199 1)  747. 
3 .  T. J. Yamamoto, J. Chem. Soc., Chem. Commun. , ( 198 1 )  1 87. 
4. M. Mastragostino, A. M. Marinangeli, A. Corradini and S.  Giacobbe, 
Synth. Met. , 28 ( 1989) C50 1 .  
5 .  J. C .  Dubois, Synth. Met. , 28 ( 1989) C87 1 .  
6. J. Roncali, R. Garreau, D. Delabouglise, F. Gamier and M. Lemaire, 
J. Chem. Soc., Chem. Commun. , (1 989) 679. 
7 .  W .  R .  Salaneck, Science and applications of conducting polymers, Proc 
of the 6th Europhysics industrial workshop, Adam Hilger ( 1991) .  
8 .  D. D. C. Bradley, Chem. Br., 8 ( 1991 )  7 19. 
9. K. Davidson, Educ. Chem. , 28(6) ( 199 1 )  155.  
1 0. S .  Etemad, Ann. Rev. Phys. Chem. , 33 ( 1982) 443. 
1 1 .  M. Nechtstein, Phys. Rev. Lett. , 44 (1980) 356. 
1 2. H. Shirakawa and S . lkeda, Polymer J. , 2 ( 197 1 )  23 1 .  
1 3 .  Y.  Ito, H .  Shirakawa and S .  Ikeda, Polym. Sci., Polym. Chem. , 12  ( 1974) 1 1 .  
14. K. Seeger, Angew Makromol. Chem. , 109/10  ( 1982) 227. 
15 .  H.  Naarmann, Electronic Properties of Conjugated Polymers, (H. Kuzmany, 
M. Mehring and S .  Roth (Eds.), Springer-Verlag, Solid State Sciences, 76 
( 1987) 12.  
1 6. J. H. Edwards and W. J. Feast, Polymer, 21  ( 1980) 595. 
17 .  K. Seeger, Polymer, 25 ( 1984) 395. 
1 8. P. J. Nigrey, A. G. McDiarmid and A. J. Heeger, J. Chem. Soc., Chem. 
Commun. , ( 1979) 594. 
19 .  A. F.  Diaz, J. Electrochem. Soc. , 123 ( 1 989) 1 15 .  
20. R. J. Waltman, Can. J. Chem. , 64 ( 1986) 76. 
2 1 .  G. Tourillon and F .  Garnier, J. Electroanal. Chem. , 135 (1982) 173. 
22. R. J. Waltman, J. Bargon and A. F. Diaz, J. Phys. Chem. , 87 (1983) 1459. 
23. T. Yamamoto, K. Sanechika and A. Yamamoto, J. Polym. Sci., Polym. Lett. 
Ed. , 18  ( 1 980) 9. 
24. G. Tourillon and F. Gamier, J. Electrochem. Soc. , 1 30 ( 1983) 2042. 
25. A. G. Me Diarmid, Polym. Prep. Am. Chem. Soc. Div. Polym. Chem. , 
25 ( 1984) 248. 
26. E. Genies and C. Tsintavis, J. Electroanal. Chem. , 195 ( 1985) 109. 
262 
27. T. Kobayashi, H. Yoneyama and H. Tamura, J. Electroanal. Chem. , 177 
( 1984) 28 1 .  
28. I. Rubenstein, E. Sabatini and J. Rishpan, J. Electroanal. Chem. , 1 34 
( 1987) 3078. 
29. A. F. Diaz, J. Castillo, K. K. Kanazawa, J. A. Logan, M. Salmon and 
0. Fajardo, J. Electroanal. Chem. , 133 ( 1982) 233. 
30. J. Bargon, S. Mohmand and R. Waltman, Mol. Cryst. Liq. Cryst. , 93 ( 1983) 
279. 
3 1 .  D .  M. Ivory, J. Chem. Phys. , 7 1  ( 1 979) 1 506. 
32. M.  Satoh, K. Kaneto and K. Yoshino, J. Chem. Soc., Chem. Commun. , 
( 1 985) 1 629. 
33 .  J .  L. Bredas, R.  R.  Chance and R.  Silbey, Phys. Rev., Part B. , B26(10) 
( 1982) 5843. 
34. B. R. Weinberger, E. Ehrenfreund, A. J. Heeger and A. G. MacDiarmid, 
J. Chem. Phys. , 72 ( 1980) 4749. 
35. J. B.  Goldberg, H. R. Crowe, P. R. Neuman, A. J. Heeger and 
A. G. McDiarmid, Mol. Cryst. Liq. Cryst. , 72 ( 198 1 )  253. 
36. J. L. Bredas, B. Themans, J. M. Andre, R. R. Chance, D. S. Boudreaux and 
R. Silbey, J. de Physique Colloque C3, 44 ( 1983) 373. 
37. A. R. Bishop, D. K. Campbell and K. Fesser, Mol. Cryst. Liq. Cryst. , 
77 ( 1 980) 253 . 
38. G. P. Evans, Advances in Electrochemical Science and Engineering, 
Vol. 1 ,  Cambridge Life Science, Cambridge, 1990. 
39. J. L. Bredas and G. B. Street, Ace. Chem. Res. , 18 ( 1985) 309. 
40. R. Qian and J. Qiu, Polym. J. , 19 ( 1 987) 1 57 .  
4 1 .  J. Roncali, F. Gamier, M. Lemaire and R. Garreau, Synth. Met. , 1 5  ( 1986) 323 . 
42. Y. Ito, H. Shirakawa and S. Ikeda, J. Polym. Sci. , 1 3  ( 1 975) 1 943. 
43. P. Kovacic and A. Kyriakis, J. Am. Chem. Soc. , 85 ( 1963) 454. 
44. R. B. Kaner, Electrochemical Science and Technology of Polymers, 
R. G. Linford (Ed.), 97, Elsevier Applied Science, Essex, England, 1990. 
45. E. M. Genies, G. Bidan and A. F. Diaz, J. Electroanal. Chem. , 149 ( 1983) 1 0 1 .  
46. J. Roncali, Chem. Rev. , 92(4) ( 1 992) 7 1 1 . 
47. R. J. Waltman and J. Bargon, Tetrahedron, 40(20) ( 1984) 3963 . 
48. D. J. Walton, Mater. Des. , 1 1 (3) ( 1 990) 142 .  
49. S. Hotta, T. Hosaka and W. Shimotsuma, Synth. Met. , 6 ( 1983) 3 1 9. 
50. A. F. Diaz and J. Bargon, Handbook of Conducting Polymers, 
T. J. Skotheim (Ed.), Marcel Dekker, New York, 1 986, p. 8 1 .  
263 
5 1 .  R. Jansson, M. Armin, R. Bjorklund and I. Lundstrom, Thin Solid Films, 
125 ( 1 985) 205. 
52. A. R. Hillman and E. F. Mallen, J. Electroanal. Chem. , 220(2) ( 1987) 35 1 .  
53. G. Dian, G. Barbey and B. Decroix, Synth. Met. , 13  ( 1986) 28 1 .  
54. D. T. Glazhofer, J. Ulanski and G. Wegner, Polymer, 28(3) ( 1987) 449. 
55. M.-A. Sato, S.  Tanaka and K. Kaeriyama, J. Chem. Soc., Chem. Commun. , 
( 1 985) 7 13 .  
56. A. Czerwinski, H. Zimmer, C. V. Pham and H. B. Mark Jr. , J. Electrochem. 
Soc. , 1 32 ( 1985) 2669. 
57. T.-C. Chung, J. H. Kaufman, A. J. Heeger and F. Wudl, Phys. Rev. , 330 
( 1984) 702. 
58. 0. Inganas, B. Liedberg, W. Chang-Ru and H. Wynberg, Synth. Met. , 1 1  
( 1985) 239. 
59. A. F. Diaz, J. Crowley, J. Bargon, G. P. Gardini and J. B. Torrance, 
J. Electroanal. Chem. , 121  ( 198 1)  355. 
60. K. Y. Jen, G. G. Miller and R. L. Elsenbaumer, J. Chem. Soc., Chem. 
Commun. , ( 1 986) 1 346. 
6 1 .  M.-A. Sato, S .  Tanaka and K. Kaeriyama, J. Chem. Soc., Chem. Commun. , 
( 1986) 873. 
62. M. R. Bryce, A. Chissel, P. Kathirgamanathan, D. Parker and N. R. M. Smith, 
J. Chem. Soc., Chem. Commun. , ( 1986) 466. 
63. A. 0. Patil, Y. Ikenoue, F. Wudl and A. J. Heeger, J. Am. Chem. Soc. , 109 
( 1987) 1 858. 
64. N. C. Foulds and C. Lowe, Anal. Chem. , 60 ( 1988) 2473. 
65. P. Batierle and K. U. Gaudl, Synth. Met. , 41-43 ( 199 1)  3037. 
66. R. Mirrazaei, D. Parker and H. S. Munro, Synth. Met. , 30 ( 1989) 265. 
67. W. Buchner, R. Garreau, M. Lemaire, J. Roncali, J. Electroanal. Chem. , 
277 ( 1990) 355. 
68. A. Lakhtakia, V. K. Varadan and V. V. Varadan, Appl. Opt. , 24 ( 1985) 4 146. 
69. D. Pletcher, A First Course in Electrode Processes, The Electrochemical 
Consultancy, Romsey, Hampshire, UK, 199 1 .  
70. R. Greef, R. Peat, L. M. Peter, D. Pletcher and J. Robinson, Instrumental 
Methods in Electrochemistry, Southampton Electrochemistry Group, 
Ellis Horwood, Chichester, UK, 1985. 
129 ( 198 1 )  1 15 
7 1 .  J. R. Smith, S .  A. Campbell and F. C. Walsh, Trans. Instit. Metal Finishing, 
73(2) ( 1995) 72. 
264 
72. L. F. Warren and D. P. Anderson, J. Electrochem. Soc. , 134 ( 1987) 101 .  
73. A. F. Diaz, J. Castillo, J .  A. Logan and W. Y. Lee, J. Electroanal. Chem. , 
74. P. Pfluger, M. Krounbi, G. B. Street and G. Weisser, J. Chem. Phys. , 
78 ( 1983) 32 12. 
75. W. R. Salaneck, R. Erlandsson, J. Prejza, I. Lundstrom, C. B. Duke and 
W. K. Ford, Polym. Prepr. , 23 ( 1982) 120. 
76. J. C. Scott, P. Pfluger, M. T. Krounbi and G. B. Street, Phys. Rev., Part B, 
28 ( 1983) 2 140. 
77. S. W. Feldberg, J. Am. Chem. Soc. , 106 ( 1984) 467 1 .  
78. C. S .  Fadley, in Electron Spectrscopy: Theory, Techniques and Applications, 
C. B .  Brundle and A. D. Baker (Eds.), Academic Press, London, 1978. 
79. D. W. Turner, C. Baker, A. D. Baker and C. R. Brundle, Molecular 
Photoelectron Spectrscopy, Wiley, London, 1970. 
80. W. R. Salaneck, in Handbook of Conducting Polymers, T. A. Skotheim (Ed.), 
1986, Ch. 37. 
8 1 .  D. T. Clark, in Photon, Electron and Ion Probes of Polymer Structure and 
Properties, D. W. Dwight, T. J. Fabish and H. R. Thomas (Eds.), Am. Chem. 
Soc., Washington DC, 198 1 ,  Ch. 17. 
82. S. L. Hsu, A. J. Signorelli, G. P. Pez and R. H. Baughman, J. Chem. Phys. , 
69 ( 1 978) 106. 
83. J. C. Tracy, in Electron Emission Spectroscopy, W. Dekeyser, L. Friermans, 
G. van Derkalen and J. Vennik (Eds.), Dordrecht, 1973. 
84. W. R. Salaneck, R. Erlandsson, J. Prejza, I. Lundstrom and 0. Inganas, 
Synth. Met. , 5 ( 1983) 125 .  
85 .  P. Pfluger and G.  B .  Street, J. Chem. Phys. , 80(1 )  ( 1984) 544. 
86. G. B. Street, T. C. Clarke, R. H. Geiss, V. Y. Lee, A. Nazzal, P. Pfluger and 
J. C. Scott, J. de Physique, C3(6) ( 1983) C3-599. 
87. C. S. Yannoni, Accts. Chem. Res. , 15 ( 1982) 201 .  
88. T. C. Clarke, J. C. Scott and G. B. Street, IBM J. Res. Develop. , 27(4) ( 1983) 
3 13 .  
89. R. A. Jones and G. P. Bean, Chemistry of Pyrroles, Academic Press, Inc., 
New York, 1 977, Ch. 1 1 . 
90. R. A. Komorowski, High Resolution NMR Spectroscopy of Synthetic 
Polymers in Bulk, VCG-Verlag, Weinheim, 1986. 
9 1 .  B .  Wehrle, H.-H. Limbach, J. Mortensen and J. Heinze, Synth. Met. , 
38 ( 1990) 293 . 
92. F. Beck and M. Oberst, Makromol. Chem. , 8 ( 1987) 97. 
265 
93. J. H. Kaufman, 0. R. Melroy, F. F. Abraham, A. I. Nazzal and A. Kapitulnik, 
Synth. Met. , 18 ( 1987) 19. 
94. R. Qian and J. Qiu, Polym. J. , 19 ( 1987) 157 .  
95. K. K. Kanazawa, A. F. Diaz, W. D. Gill, P. M. Grant, G. B. Street, 
G. P. Gardini and J. F. Kwak, Synth. Met. , 1 ( 1980) 329. 
96. K. J. Wynne and G. B. Street, Macromolecules, 18 ( 1985) 236 1 .  
97. Y. Yumoto and S. Yoshimura, Synth. Met. , 13 ( 1986) 185 .  
98. G. Tourillon and F. Gamier, J. Polym. Sci., Polym. Phys. Ed. , 22 ( 1984) 33. 
99. P. K. Hansma, V. B. Elings, 0. Marti and C. E. Braker, Science, 242 (1988) 
209. 
100. G. Binnig and H. Rohrer, C. Gerber and E. Weibel, Phys. Rev. Lett. , 49 
( 1982) 57. 
10 1 .  P. K. Hansma and J. Tersoff, J. Appl. Phys. , 61(2) ( 1987) RI . 
102. G. Binnig, C. F. Quate and C. Gerber, Phys. Rev. Lett. , 56 ( 1986) 930. 
103 .  A. Bryant, D. P. E. Smith and C. F. Quate, Appl. Phys. Lett. , 48 ( 1986) 832. 
104. D. Sarid, Atomic Force Microscopy, Oxford University Press, New York, 
1 99 1 ,  Chapter 13 .  
105 .  C. M. Mate, G .  M.  McClelland, R. Erlandsson and S. Chiang, Phys. Rev. Lett. , 
59 ( 1987) 1 942. 
106. E. Lacaze, K. Uvdal, P. Bodo, J. Garbarz, W. R. Salaneck and M. Schott, 
J. Polym. Sci., Part B; Polym. Phys. , 3 1( 1 )  ( 1993) 1 1 1 .  
1 07. R. Bilger, H.-J. Cantow, J. Heinze and S .  Magonov, Proc. 47th Ann. Meeting 
of the Electron Microsc. Soc. Am. , G. W. Bailey (Ed.), San Francisco Press 
Inc., 1989, p. 1 6. 
108. R. Yang, K. M. Dalsin, D. F. Evans, L. Christensen and W. A. Hendrickson, 
J. Phys. Chem. , 93 ( 1989) 5 1 1 .  
109. R. Yang, D. F. Evans, L. Christensen and W. A. Hendrickson, J. Phys. Chem. , 
94 ( 1 990) 6 1 17 .  
1 10. R. Yang, K. Naoi, D. F.  Evans, W. H. Smyrl and W. A. Hendrickson, 
Langmuir, 7(3) ( 1991 )  556. 
1 1 1 . M. P. Everson and J. H. Helms, Synth. Met. , 40(1 )  ( 199 1 )  97. 
1 12. L. L. Madsen, K. Carneiro, B. N. Zaba, A. E. Underhill and M. J. van der 
Sluijs, Synth. Met. , 41-43 ( 1991 )  293 1 .  
1 13 .  S .  E. Creager, J. Phys. Chem. , 96 ( 1 992) 2371 .  
1 14. T. L. Porter, S .  Jeffers, G. Caple, B .  L. Wheeler and R. Swift, Surf. Sci. Lett. , 
238 ( 1990) L433 .  
1 15 .  S. J .  Kamrava, M. Zag6rska, B. Krische and S .  Soderholm, Phys. Scr. , 
44( 1 )  ( 1991 )  1 12. 
266 
1 16 .  S.  Z. Dong, Q. Cai, P. Liu and A. R. Zhu, Appl. Surf Sci. , 60-61 (1992) 342. 
1 1 7. S. 1. Kamrava, M. Zag6rska, B. Krische and S. Soderholm, Phys. Scr. , 
44( 1 )  ( 199 1 )  1 12. 
1 1 8 .  E. Lacaze, K. Uvdal, P. Bodo, J. Garbarz, W. R. Salaneck and M. Schott, 
J. Polym. Sci., Part B: Polym. Phys. , 31  (1993) 1 1 1 . 
1 19 .  D. A. Bonnell and M. Angelopoulos, Synth. Met. , 33 (1989) 301 .  
120. T. L. Porter, T. R. Dillingham, C. Y. Lee, T. A. Jones, B .  L. Wheeler and 
G. Caple, Synth. Met. , 40 ( 199 1) 187, 
1 2 1 .  T. L. Porter, C. Y. Lee, B. L. Wheeler and G. Caple, J. Vac. Sci. Technol. , 
A9(3) ( 199 1) 1452. 
122. F. Gamier, G. Tourillon, J. Y. Barraud and H. Dexpert, J. Mater. Sci. , 
20 (1 985) 2687. 
123 . M. Kertesz and C. Cui, Mater. Res. Soc. Sym.p. Proc. , 173 ( 1990) 391 .  
124.  G.  Wittig and U. Schollkopf, Chem. Ber. , 8 7  (1954) 1 3 1 8. 
125 .  P. Cagniant, Compt. Rend. , 229 ( 1949) 1 150. 
126. F. A. Bottino, G. Scarlata, D. Sciotto and M. Torre, Tetrahedron, 38 
(1 982) 3713 .  
127 .  J .  E. Reynolds, J. Chem. Soc. , (1909) 505. 
128.  L. Ernst, Org. Magn. Res. , 9 (1977) 35. 
129. E. E. Campaigne, Org. Synth. , 33 (1953) 96. 
130. M. L. Tedjamulia, J. G. Stuart, Y. Tominaga, R. N. Castle and M. L. Lee, 
J. Heterocycl. Chem. , 2 1  (1 984) 1 21 5. 
13 1 .  A. Arcoria, E. Maccarone and G. A Tomaselli, Spectrochimica. Acta. , 29A 
(1973) 160 1 .  
132. S .  Fisichella, G. Scarlata and M. Torre, Gazz. Chim. /tal. , 104(1 1-12) ( 1974) 
1237. 
1 33 .  P. Ribereau, G. Queguiner and P. Pastour, Bull. Soc. Chim. Fr. , 4 (1972) 1581 .  
134. A. Arcoria, S .  Fisichella, G.  A. Scarlatta and M. Torre, J. Heterocycl. Chem. ,  
1 0  (1973) 643 . 
135.  A. Arcoria, E. Maccarone and G. A Tomaselli, J. Heterocycl. Chem., 
10 ( 1973) 1 9 1 .  
136.  W. Freund, J. Chem. Soc., Chem. Commun. ,  ( 1953) 2889. 
137.  R. Alan Jones, Aust. J. Chem. , 18(6) (1965) 875. 
138 .  W. Hinz, Synthesis, 8 (1 986) 620. 
139.  P. Cagniant and G. Merle, C. R. Acad. Sci. Paris, Ser. C. ,  264(1) (1967) 1 12. 
140. J. G. Stuart, M. J. Quast, G. E. Martin et. al., J. Heterocycl. Chem. , 
23 ( 1986) 1215 .  
141 .  B. F .  Crowe and F.  F .  Nord, J. Org. Chem. , 15 ( 1 950) 1 177. 
267 
142. I. Juchnovski, R. Kuzmanova, J. Tsenov, J. Kaneti and I. Binev, Natur. 
Forsh B. Anorg. Chem. Org. Chem. , 33B(5) ( 1978) 557. 
143. F. P. Ballistreri, G. Musumarra and G. Scarlata, Chem. Scr., 1 8(5) ( 1981)  214. 
144. B. P. Das, J. A. Campbell, F. B. Samples, R. A. Wallace, L. K. Whisenant, 
R. W. Woodard and D. W. Boykin, Jr. ,  I. Med. Chem. , 15(4) ( 1 972) 370. 
145. W. Herz and J. Brasch, I. Or g. Chem. , 23 ( 1958) 7 1 1 . 
146. B.  H.  Baretz, A. K. Singh and R. S. H. Liu, Nouv. I. Chim. , 5(5-6) ( 1 98 1) 297. 
147. G. M. Badger, J. A. Elix and G. E. Lewis, Aust. I. Chem. , 19 ( 1966) 1243. 
148. Chemical polymerisation performed by P. Evans and N. M. Ratcliffe, 
University of the West of England (Bristol), 1994. 
149. C. D. Wagner, L. E. Davis, M. V. Zeller, J. A. Taylor, R. H. Ramond 
and L. H. Gale, Surf Interface Anal. , 3(5) ( 1 98 1 )  2 1 1 .  
150.  CPMAS Be NMR carried out by the EPSRC Solid-State NMR service at 
the University of Durham. 
1 5 1 .  B.  Delley, I. Chem. Phys. , 92 ( 1990) 508. 
152.  DMol®. A density functional theory program within the Insight n® 
molecular modelling package, Biosym. Technologies Inc., San Diego, 1993. 
153 .  Discover®. A molecular mechanics program within the Insight n® 
molecular modelling package, Biosym. Technologies Inc., San Diego, 1993. 
154. Boehringer Mannheim Biochemica (Mannheim, Germany), cDNA Synthesis kit 
(cat. no. 1 1 17 83 1 )  instructions. 
155.  A. Kornbers, Supplement to DNA Replication ( 1982), Freeman, New 
York, 1992. 
156.  Boehringer Mannheim Biochemica (Mannheim, Germany), 1993, personal 
communication. 
157 .  E. F. Fritsch and T. Maniatis, Molecular Cloning, 2, Cold Springs 
Harbour Laboratory, USA, 1989. 
158.  U. Gubler and B. J. Hoffman, Gene, 25 ( 1983) 263. 
159 .  H. Jungblut, S. A. Campbell, M. Giersig, D. J. Muller and H.-J. Lewerenz, 
Faraday Discuss. , 94 ( 1992) 183 .  
160.  H. Masuda and K.  Kaeriyama, Synth. Met. , 38 ( 1990) 37 1 .  
1 6 1 .  J. Roncali, R. Garreau, D .  Delabouglise, F. Gamier and M. Lemaire, 
Synth. Met. , 28 ( 1989) C34 1 .  
162. M.-A. Sato, S .  Tanaka and K. Kaeriyama, Synth. Met. , 1 8( 1-3) ( 1 987) 229. 
163 .  M. Lemaire, R. Garreau, F. Gamier and J. Roncali, New. I. Chem. , 1 1 (10) 
( 1987) 703 . 
164. J. Roncali, H. K. Youssoufi, R. Garreau, F. Gamier and M. Lemaire, 
I. Chem. Soc., Chem. Commun. , ( 1990) 4 1 3 . 
268 
165 .  M. Lemaire, R. Girreau, D. Delabouglise, J. Roncali, H. K. Youssoufi and 
F. Gamier, New. J. Chem. , 14 ( 1990) 359. 
1 66. H. Suzuki, Electronic Absorption Spectra and Geometry or Organic 
Molecules, Academic Press, New York, 1967. 
167. G. Tourillon and F. Gamier, J. Polym. Sci., Polym. Phys. Ed. , 22 ( 1984) 33. 
1 68 .  J. R. Reynolds, S .  G. Hsu and H. J. Arnott, J. Polym. Sci., Part B. Polym. 
Phys. , 27(10) ( 1 989) 208 1 .  
169 .  P. Marque, J. Roncali and F. Gamier, J. Electroanal. Chem. , 2 18( 1 -2) ( 1987) 
107. 
170. M. R. Bryce, A. D. Chissel, N. R. M. Smith, D. Parker and 
P. Kathirgamanathan, Synth. Met. , 26(2) ( 1988) 1 53 .  
171 .  T .  Shono, Electroorganic Synthesis, p.24, Academic Press Inc. ,  London ( 1991). 
172. H. Baltes, E. Steckhan and H. J. Schafer, Chem. Ber. , 1 1 1  ( 1 978) 1 293 . 
173.  K. P. W. Pemawansa, N.-L. Yang and G. Odian, Polym. Prepr. (ACS Div. 
Polym. Chem.), 25( 1 )  ( 1984) 273 .  
174. S .  Wawzonek and T .  W. Mclntyre, J. Electrochem. Soc. , 1 14( 10) ( 1967) 1025. 
175 .  T. Schalkhammer, E. Mann-Buxbaum, E. Pittner and G. Urban, 
Sens. Actuators B. , B4(3-4) ( 1991 )  273. 
176. R. J. Waltman, A. F. Diaz and J. Bargon, J. Electrochem. Soc. , 1 3 1 (6) ( 1984) 
1452. 
177. B. Krische and M. Zagorska, Mater. Sci. Forum. , 42 ( 1989) 79. 
178. K. Tanaka, T. Shichiri, S.  Wang and T. Yamabe, Synth. Met. , 24 ( 1988) 203. 
179 .  J. R. Smith and S. A. Campbell, 1 99 1 ,  unpublished work. 
1 80. X. Zang, J. Leddy and A. J. Bard, J. Am. Chem. Soc. , 107 ( 1 985) 3719. 
1 8 1 .  D. Ofer, R. M. Crooks and M. S. Wrighton, J. Am. Chem. Soc. , 1 12 ( 1990) 
7869. 
1 82. L. F. Warren, J. A. Walker, D. P. Anderson and C. G. Rhodes, 
J. Electrochem. Soc. , 136 ( 1989) 2283 . 
1 83 .  J. D. Nilsson, Synth. Met. , 3 1  ( 1 989) 359. 
1 84. F. C. Walsh, University of Portsmouth, 1993, personal communication. 
1 85 .  M. V. Zeller and S. J. Hahn, Surf Interface Anal. , 1 1  ( 1988) 327. 
1 86. P. Pfluger, J. C. Scott, M. T. Kronbie and G. B. Street, Phys. Rev., Part B. , 28 
( 1983) 2140. 
1 87. G. B. Street, T. C. Clarke, M. Kronbie, W. J. Lee, P. Pfluger, J. C. Scott 
and G. Weiser, Mol. Cryst. Liq. Cryst. , 83 ( 1982) 253 . 
1 88 .  S. Dong and J. Ding, Synth. Met. , 20 ( 1987) 1 19. 
1 89. P. Bischof, Croat. Chem. Acta. , 53(1 )  ( 1980) 5 1 .  
1 90. D. J. Edge and J. K. Kochi, J. Am. Chem. Soc. , 94 ( 1972) 7695. 
269 
1 9 1 .  J. W. Wilt, Free Radicals, J. K. Kochi (Ed.), Wiley, New York ( 1973). 
1 92. B. Zinger, Y. Greenwald and I. Rubinstein, Synth. Met. , 41-3 ( 199 1)  583. 
193. J. R. Smith, S .  A. Campbell, N. M. Ratcliffe and M. Dunleavy, Synth. Met. , 
63(3) ( 1994) 233. 
1 94. J. R. Smith, N. M. Ratcliffe, P. A. Cox and S. A. Campbell, J. Chem. Soc., 
Faraday Trans. , 9 1 ( 15) ( 1 995) 233 1 .  
1 95 .  A. A. Berlin, V .  I. Liogon'kii and V. P. Parnini, J. Polym. Sci. , 55 ( 1961)  675. 
1 96. D. M. Carlton, D. K. McCarthy and R. H. Genz, J. Phys. Chem. , 68(9) ( 1964) 
266 1 .  
1 97. V .  V .  Korshak, S .  L. Sosin and A. M. Sladkov, J. Polym. Sci., Part C, 
C4 ( 1963) 13 15 .  
1 98. Chemical polymerisations performed by C .  Teare and N. M. Ratcliffe, 
University of the West of England (Bristol), 1 993. 
199. W. Carruthers and H. N. M. Stewart, J. Chem. Soc. , ( 1965) 622 1 .  
200. M. B .  Groen, R. M. Kellogg and H. Wynberg, J. Org. Chem., 3 2  ( 1967) 3093. 
201 .  W. Kemp, Qualitative Organic Analysis. Spectrochemical Techniques, 
2nd Edition, McGraw-Hill, London, 1 986. 
202. T. Kawai, T. lwasa, M. Onoda, T. Ohsawa, N. Nakazono and K. Yoshino, 
Synth. Met. , 55-7 ( 1 993) 1 608. 
203 . M. Onoda, T. Iwasa, T. Kawai and K. Yoshino, Synth. Met. , 55-7 ( 1993) 1614. 
204. M. Bragadin, P. Cescon, A. Berlin and F. Sannicolo, Makromol. Chem. , 
1 88 ( 1987) 1425. 
205. S. Millefiori, G. Scarlata, A. Millefiori and D. Carbone, Z. Phys. Chem. 
(Wiesbaden), 28 1 ( 1) ( 1981 )  63 . 
206. L. L. Costanzo, S. Giuffrida, S. Pistara, G. Scarlata and M. Torre, 
J. Photochem. ,  1 8  ( 1982) 3 17. 
207. T. Ohsawa, K. Kaneto and K. Yoshino, Jpn. J. Appl. Phys. , 23 ( 1984) L603. 
208. J. R. Smith, N. M. Ratcliffe and S .  A. Campbell, Synth. Met. , 73(2) ( 1995) 17 1 .  
209. A. F.  Diaz, A .  Martinez, K. K. Kanazawa and M. Salmon, J. Electroanal. 
Chem. , 1 30 ( 1981 )  1 8 1 .  
2 10. M. G. Cross, D .  Walton, N .  J. Morse, R. J. Mortimer, D. R. Rosseinsky and 
D. J. Simmonds, J. Electroanal. Chem. , 1 89 ( 1985) 389. 
2 1 1 .  J. R. Smith, S. A. Campbell and N. M. Ratcliffe, Bull. Electrochem. , 
1 1 (8) ( 1995) 36 1 .  
2 12. N. M. Ratcliffe, University of the West of England, 1994, unpublished work. 
2 13 .  A. G. Davis, L. Julia and S .  N. Yazdi, J. Chem. Soc., Chem. Commun. , 
( 1987) 929. 
2 14. G. Hambitzer and I. Stassen, Synth. Met. , 55-57 ( 1993) 1045. 
270 
2 15 .  D. Adebimpe, P. Kathirgamanathan and M. Shepherd, J. Electroanal. Chem. , 
348 ( 1993) 447. 
2 16. Microanalyses performed by Mr. M. West, Department of Chemistry, 
University of Bristol, 1995. 
2 17. J. Bargon, S .  Mohamand and R. J. Waltman, IBM J. Res. Dev. , 27(4) ( 1983) 
330. 
2 18 .  J. R. Bolton, Electron Spin Resonance, Elemental Theory and Practical 
Applications, McGraw-Hill, New York, 1972, p. 96. 
2 19 .  L. Bonazzola, J.-P. Michaut, J. Roncin, H. Misawa, H. Sakuragi and 
K. Tokumaru, Bull. Chem. Soc. Jpn. , 63 ( 1990) 347. 
220. S. Nagai, S. Ohnishi and I. Nitta, Bull. Chem. Soc. Jpn. , 44 ( 197 1) 1 230. 
221 .  J. P. Colpa and J. R. Bolton, Mol. Phys. , 6 ( 1 963) 273. 
222. A. D. McLachlan, Mol. Phys. , 3 ( 1960) 233. 
223 . K. Sanechika, T. Yamamoto and A. Yamamoto, J. Polym. Sci. Polym. 
Lett. Ed. , 20 ( 1982) 365. 
224. D. S .  Marynick and W. N. Lipscombe, Proc. Nat. Acad. Sci. USA, 79 
( 1 982) 1 34 1 .  
225. J. P. Ruiz, M. B .  Gieselman, K. Nayak, D .  S .  Marynick and J. R. Reynolds, 
Synth. Met. , 28 ( 1989) C34 1 .  
226. S .  Basak, K. Nayak, D .  S .  Marynick and K. Rajeshwar, Chem. Mater. , 
1(6) ( 1989) 6 1 1 .  
227. Parr and Yang, Density Functional Theory of Atoms and Molecules, Oxford 
University Press, New York, 1989. 
228. A. J. Freeman, Density Funct. Methods Chem. , J. K. Labanowski (Eds.), 
Springer, New York, 199 1 ,  p.6 1 .  
229. E. S .  Kryachko and T .  Koga, lnt. J. Quantum Chem. , 42(4), ( 1992) 591 .  
230. P. Hohenberg and W. Kohn, Phys. Rev., Part B, 1 36 ( 1964) 864. 
23 1 .  M. Levy, Proc. Natl. Acad. Sci. USA, 76 ( 1 979) 6062. 
232. W. Kohn and L. J. Sham, Phys. Rev., Part A, 140 ( 1965) 1 133. 
233 J. A. Pople and R. K. Nesbet, J. Chem. Phys. , 22 ( 1954) 57 1 .  
234. J. Weber, H. Huber and A. P. Weber, Chimica, 47 (1993) 57. 
235. F. Gerson, H. Ohya Nishiguchi, M. Szarc and G. Levin, Chem. Phys. Lett. , 
52 ( 1 977) 587. 
236. D. N. Ramakrishna Rao and M. C. R. Symons, J. Chem. Soc., Perkin 
Trans. 2,  ( 1983) 1 35. 
237. J. L. Courtneidge and A. G. Davis, Ace. Chem. Res. , 20 (1987) 90. 
238. J. R. Smith, S. A. Campbell and N. M. Ratcliffe, Synth. Met. , 
in preparation, 1 995. 
27 1 
239. M. N. Murray, H. G. Hansma, M. Bezanilla, T. Sano, D. F. Ogletree, 
W. Kolbe, C. L. Smith, C. R. Cantor, S .  Spengler, P. K. Hansma and 
M. Salmeron, Proc. Natl. A cad. Sci. USA, 90 ( 1 993) 38 1 1 . 
240. M. Umana and J. Wailer, Anal. Chem. , 58 ( 1986) 2979. 
241 .  B. F. Y. Yon and C. R. Lowe, Sens. Actuators, Part B, B7( 1 -3) ( 1992) 339. 
242. W. Schuhmann, Synth. Met. , 41 ( 1 -2) ( 199 1 )  429. 
243 . N. C. Foulds and C. R. Lowe, J. Chem. Soc., Faraday Trans I, ( 1986) 1 259. 
244. D. R. Yaniv, L. McCormick, J. Wang and N. Naser, J. Electroanal. Chem. , 
3 14( 1 -2) ( 199 1 )  353. 
245. A. B. Smith and C. J. Knowles, Biotechnol. Appl. Biochem. , 1 2(6) ( 1990) 661 .  
246. R. Guckenberger, T .  Hartman, W.  Wiegrabe and W.  Baumeister, Springer Ser. 
Surf. Sci. , 28 (Scanning Tunnelling Microscopy 11), R. Wiesendanger and 
H.-J. Gtintherodt (Eds.), Springer-Verlag, Berlin, 1 992, p.5 1 .  
247. G. Binnig and H. Rohrer, Trends in Physics, European Physical Society, 
1 984, p.38. 
248. M. J. Miles, Microsc. Anal. , 6 ( 1990) 7.  
249. A. M. Bar6, R. Miranda, J .  Alaman, N. Garcfa, G. Binnig, H. Rohrer, 
Ch. Gerber and J. L. Carrascosa, Nature (London), 3 15  ( 1985) 253. 
250. R. Garcia and N. Garcia, Chem. Phys. Lett. , 173(1 )  ( 1990) 44. 
25 1 .  N. Garcia, IBM J. Res. Develop. , 30 ( 1986) 533 . 
252. K. V. Mikkelsen and M. A. Ratner, Chem. Rev. , 87 ( 1987) 1 13 .  
253 . S .  M.  Lindsay, 0.  F.  Sankey, Y. Li ,  C. Herbst and A.  Rupprecht, 
J. Phys. Chem. , 94 ( 1990) 4655. 
254. V. N. Kharkyanen, E. G. Petrov and I. I. Ukrainskii, J. Theor. Bioi. , 
73 ( 1978) 29. 
255. R L W  Smithson, AlP Conf Proc. , 241 ( 1992) 2 19. 
256. J. G. Mantovani, D. P. Allison, R. J. Warmack, T. L. Ferrell, J. R. Ford, 
R. E. Manos, J. R. Thomson, B. Reddick and K. B. Jacobson, J. Microsc. , 
1 58 ( 1990) 109. 
257. G. Travaglini, M. Amrein, B. Michael and H. Gross, in Scanning Tunnelling 
Microscopy and Related Methods, R. J. Behm, N. Garcfa and H. Rohrer (Eds.), 
NATO ASI Series, Kluwer Academic Publishers, Dordrecht, 1 990, p.335. 
258. M. Salmeron, T. Beebe, J. Odriozola, T. Wilson, D. F. Ogletree and 
W. Siekhaus, J. Vac. Sci. Technol. A, 8 ( 1990) 635. 
259. C. R. Clemmer and T. P. Beebe, Science, 25 1 ( 199 1 )  640. 
260. S. A. Campbell, D. J. MUller, H. Jungblut, M. Giersig, Y. Tomm and 
H.-J. Lewerenz, Analyst, 1 19 ( 1994) 727. 
272 
261 .  H. Jungblut, H.-J. Lewerenz, D. J. MUller and S. A. Campbell, Appl. Phys. 
Commun. , 1 1 ( 1 )  ( 1992) 3 1 .  
262. W. Jaegermann and H. Tributsch, Surf. Sci. , 29 ( 1988) 1 .  
263 . H.-1. Lewerenz, A. Helier and F. J. Di Salvo, J. Am. Chem. Soc. , 102 ( 1980) 
1 877. 
264. W. Jaegermann and D. Schmeisser, Surf. Sci. , 165 ( 1988) 143 .  
265. D .  Puotinen and R.  E .  Newham, Acta Crystallogr. , 14 ( 1 96 1 )  691 . 
266. B .  Parkinson, J. Am. Chem. Soc. , 1 12 ( 1990) 7498. 
267 . Y. L. Lyubchenko, A. A. Gall, L. S. Shlyakhtenko, R. E. Harrington, 
B. L. Jacobs, P. l. Oden and S .  M. Lindsay, J. Biomol. Struct. Dyn. , 
10(3) ( 1992) 589. 
268. S .  M. Linsay and B. Barris, J. Vac. Sci. Technol. A, 6 ( 1987) 544. 
269. G. Travaglini, H. Rohrer, M. Amrein and H. Gross, Surf. Sci., 1 8 1  ( 1987) 380. 
270. M. Amrein, A. Stasiak, H. Gross, E. Stoll and G. Travaglini, Science, 
240 ( 1988) 5 14. 
27 1 .  A. Stemmer, A. Hefti, V. Aebi and A. Engel, Ultramicroscopy, 30 ( 1989) 263. 
272. H.-J. Lewerenz, H. Jungblut, S. A Campbell, M. Giersig and D. J. MUller, 
J. Aids Res. Hum. Retrovir. , 8(9) ( 1992) 1 663 . 
273. S .  Goff, J. Acquired Immune Deficiency Syndrome, 3 ( 1990) 8 17. 
274. I. M. Verma, Biochim. Biophys. Acta, 473 ( 1977) 1 .  
275 .  I. M .  Verma, J. Viral. , 1 5  ( 1975) 854. 
276. G. F. Gerard and D. P. Grandgenett, in Molecular Biology of RNA Tumor 
Viruses, ed. J. Stephenson, Academic Press, New York, 1980, p.345. 
277. A. M. Barber, A. Hizi, J. V. Maizel Jr. and S. H. Hughes, J. Aids Res. Hum. 
Retroviruses, 6 ( 1990) 106 1 .  
278 .  D. M .  Lowe, A Aitken, C .  Bradley, G. K. Durby, B. Larde, K. L .  Powell, 
D. S .  A. Purifoy, M. Tisdale and D. K. Stammers, Biochemistry, 27 ( 1988) 
8884. 
279. H. Lederer, 0. Schatz, R. May, H. Crespi, J.-L. Darlix, S. F. J. Le Grice and 
H. Heumann, EMBO J. , 1 1  ( 1992) 1 13 1 .  
280. L. A. Kohlstaedt, J. Wang, J. M. Friedman, P. A. Rice and T. A. Steitz, Science, 
256 ( 1992) 1783. 
28 1 .  E. Arnold, A Jacobo-Molina, R. G. Nanni, R. L. Williams, X. Lu, J. Ding, 
A D. Clarke, A. Zhang, A. L. Ferris, P. Clark, A Hizi and S. H. Hughes, 
Nature (London), 357 ( 1992) 85. 
282. J. M. Leidr, P. Palese and F. I. Smith, J. Virol. , 62 ( 1988) 3084. 
283. J. P. Dougherty and H. M. Temin, J. Virol. , 62 ( 1988) 2817. 
284. B. Larder, D. Purifoy, K. Powell and G. Darby, EMBO J. , 6 ( 1987) 3 1 33. 
273 
285 . J. Tooze (Ed.), Molecular Biology ofTumor Viruses, Cold Spring Harbour 
Laboratory, New York, 1973, Ch. 10 and 1 1 . 
286. H. M. Temin and D. Baltimore, in Advances in Virus Research, K. M. Smith 
and M. A. Lauffer (Eds.), Academic Press, New York, 1972, Vol. 17, p. 129. 
287. N. Battula and L. A. Loeb, J. Bioi. Chem. , 249 ( 1974) 4086. 
288. D. Baltimore and D. Smoler, J. Bioi. Chem. , 247 ( 1972) 7282. 
289. I. M. Verma, J. Virol. , 15  ( 1975) 843. 
290. D. L. Kacian, K. F. Watson, A. Bumy and S. Spiegelman, Biochim. Biophys. 
Acta, 246 ( 197 1)  365. 
291 .  D. P. Grandgenett, G. F. Gerard and M. Green, Proc. Natl. Acad. Sci. USA, 
70 ( 1 973) 230. 
292. D. P. Grandgenett and H. M. Rho, J. Virol. , 15 ( 1 975) 526. 
293 . D. Stuart, Curr. Opin. Struct. Bioi. , 3(2) ( 1993) 1 67. 
294. W. G. Dawson and D. W. Bullett, J. Phys. C., Solid State Phys. , 20 
( 1987) 6 159. 
295 . B. Parkinson, J. Am. Chem. Soc. , 1 12 ( 1990) 7498. 
296. B .  Samorf, G. Siligardi, C. Quagliariello, A. L. Weisenhom, J. Vesenka and 
C. J. Bustamante, Proc. Natl. Acad. Sci. USA, 90 ( 1993) 3598. 
297. L. Stryer (Ed.), Biochemistry, 3rd Ed., Freeman, New York, 1988, p.76. 
298. T. P. Beebe Jr., T. E. Wilson, D. F. Ogletree, J. E. Katz, R. Balhom, 
M. B .  Salmeron and W. J. Siekhaus, Science, 243 ( 1989) 370. 
274 
LIST OF ILLUSTRATIONS 
Table 1 . 1  Names and idealised structures of the most widely studied 
Fig 1 . 1  
conducting polymers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  19  
The two degenerate (E)-structures of polyacetylene (a) and (b); 
(c) shows a soli ton defect at a phase boundary between the two 
degenerate (E)-phases of polyacetylene, where the bond alteration 
is reversed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20 
Fig. 1 .2  Possible structures of  polypyrrole showing the non-degenerate 
aromatic (a) and quinoid (b) configurations; (c) a polaron defect, 
and (d) a bipolaron defect. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  22 
Fig. 1 .3 Proposed mechanism for the electrochemical polymerisation of 
aromatic five membered heterocycles; where X=NH, S or 0.. . . . . . . . .  25 
Fig. 1 .4 Variation of monomer oxidation potential with Hammett constant 
for �-substituted thiophene monomers; where � = Me, H, Br 
and COOH from left to right, respectively . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28 
Fig. 2. 1 Schematic outlining the synthesis of heterocyclic 
(Z)-a,�-diarylacrylonitriles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  43 
Fig. 2.2 Schematic of the three compartment divided cell used for 
electrochemical studies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  70 
Fig. 2.3 Experimental arrangement used to measure the electrical 
conductivities of thin electrodeposited films. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  73 
Table 2. 1 Quantities of reagents used to prepare RNA/DNA hybrids for 
studies on the effect of incubation conditions on the rate of the 
reverse transcription reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  77 
Table 2.2 Reaction conditions used to investigate the effect of incubation 
conditions on the reverse transcription reaction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  77 
275 
Table 2.3 Quantities of reagents used to prepare RNA/DNA hybrids for 
STM imaging studies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  79 
Table 2.4 Reaction conditions used to prepare RNA/DNA hybrids for STM 
imaging studies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  79 
Fig. 3 . 1 Proposed idealised structure of poly(3-phenylthiophene ). . . . . . .  . . . .  . . . . .  83 
Fig. 3.2 Proposed idealised structure of poly((E)-3-styrylthiophene). 
Fig. 3.3 
Fig. 3 .4 
Fig. 3.5 
R represents a substituent at the para-position of the benzene ring . . .  83 
3-Styrylthiophenes and analogues investigated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  84 
Cyclic voltammogram of (E)-3-styrylthiophene (1). WE: Pt disc 
(area: 0.385 cm2); monomer cone. :  0.005 mol dm-3; u=5 m V s-1 ; 
electrolyte: 0. 1 mol dm-3 TBABF /acetonitrile; 
first scan ( ), second scan ( ------ ). .. . . . .  . . .  . . . . . .  . . .  .. . . .  . . .. . . . . . .  86 
Cyclic voltammogram of (E)-3-(4'-nitrostyryl)thiophene (2). 
WE: Pt disc (area: 0.385 cm2); monomer cone.: 0.005 mol dm-3; 
U= lO m V s-I ; electrolyte: 0. 1 mol dm-3 TBABF/acetonitrile; 
first scan ( ), second scan ( ------ ). . . . . . . . . . . . . . . . . .  . .  . . .  . . .  . .  .. .. . 87 
Fig. 3.6 Cyclic voltammogram of (E)-3-(4'-aminostyryl)thiophene (3) . 
Fig. 3.7 
WE: Pt disc (area: 0.385 cm2); monomer cone. : 0.005 mol dm-3; 
u=lO  m V s-I ; different scans show the effect of the addition of 
HCI (0.0 1 mol dm-3, 1 : 1  ratio) to the electrolyte (0. 1 mol dm-3 
TBABF/acetonitrile); no addition of HCl: ( ), 
addition of HCI ( ------ ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  88 
Cyclic voltammogram of (E)-3-(4'-methoxystyryl)thiophene (5). 
WE: Pt disc (area: 0.385 cm2); monomer cone.: 0.007 mol dm-3; 
U=10 m V s- 1 ; electrolyte: 0. 1 mol dm-3 TBAClO/dichloromethane; 
first scan ( ), second scan ( ------ ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  89 
276 
Fig. 3.8 Cyclic voltammogram of 3-(phenylalkynyl)thiophene (8). 
WE: Pt disc (area: 0.385 cm2); monomer cone. : 0.004 mol dm-3; 
U=lO m V s- 1 ; electrolyte: 0. 1 mol dm-3 TBABF/acetonitrile; 
first scan ( ) ,  second scan ( ------ ). . .  . .  . . . .  . .  . .  .. . .  . .  . .  . . . . . .  . . . .  . .  . 90 
Table 3 . 1 Summary of electrochemical data of the 3-styrylthiophenes. . . . . . . . . . . .  9 1  
Fig. 3 .9 Cyclic voltammogram of 3-stilbene (11) .  WE: Pt disc 
(area: 0.385 cm2); monomer cone. :  0.005 mol dm-3; 
u=5 m V s- 1 ; electrolyte: 0. 1 mol dm-3 TBABF/acetonitrile; 
first scan ( ), second scan ( ------ ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  93 
Table 3.2 Comparison of the electrochemical behaviour of 
(E)-3-styrylthiophene (1) and (E)-stilbene (11) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  94 
Table 3.3 Variation of the first oxidation potential on the first anodic scan 
of 4'-substituted (E)-3-styrylthiophenes with Hammett Constant. . .  95 
Fig. 3 . 10  Variation of the first oxidation potential on the first anodic scan 
of 4'-substituted (E)-3-styrylthiophenes with Hammett Constant. . .  96 
Fig. 3. 1 1 (a)SEM of the film obtained from the electropolymerisation of 
(E)-3-styrylthiophene (1) on ITO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  100 
Fig. 3 . 1 1 (b)SEM of polythiophene on ITO (film prepared under the same 
conditions as the styrylheterocycle polymers) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  101 
Table 3.4 Summary of XPS data of poly((E)-3-styrylthiophenes), 
polypyrrole and polythiophene. . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  103 
Table 3.5 Degrees of polymer doping for lithium perchlorate doped 
polypyrrole, polythiophene and poly((E)-styrylthiophenes), 
determined from the ratio of the atomic percentages of the 
S(2p) peak (N( ls) in the case of polypyrrole) to that of the 
Cl(2p) peak in the XPS spectrum. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  104 
277 
Table 3.6 Summary of Ff-IR data of polythiophene and 
poly((E)-styrylthiophene (1)).. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  106 
Fig. 4. 1 (E)-2-Styry lheterocycles synthesised for electrochemical 
investigation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  109 
Fig. 4.2 Proposed idealised structures of the polymers formed from the 
electropolymerisation of (E)-2-styrylheterocycles : (a) head-to-tail, 
(b) head-to-head, and (c) tail-to-tail. X represents S, NH or 0.. . . .  1 10 
Table 4. 1 Summary of electrochemical data of (E)-2-styrylheterocycles. . . . . . . .  1 12 
Fig. 4.3 Cyclic voltammogram of (E)-2-styrylthiophene (12) . 
WE: Pt disc (area: 0.385 cm2); monomer cone. :  0.005 mol dm-3; 
u=5 m V s- 1 ; electrolyte: 0. 1 mol dm-3 TBABF/acetonitrile; 
first scan (<D ), second scan (@ ------ ), 
third scan (® -.- .- .- ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 14 
Fig. 4.4 Cyclic voltammogram of (E)-2-(4'-nitrostyryl)thiophene (13). 
WE: Pt disc (area: 0.385 cm2); monomer cone.: 0.005 mol dm-3; 
u=5 m V s- 1 ; electrolyte: 0. 1 mol dm-3 TBABF /acetonitrile; 
first scan (<D ), fifth scan (@ . . . . . .  ) . . . . .  . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  1 15 
Fig. 4.5 Cyclic voltammogram of (E)-2-(4'-aminostyryl)thiophene (14) . 
WE: Pt disc (area: 0.385 cm2); monomer cone. :  0.005 mol dm-3; 
u=5 m V s- 1 ; electrolyte: 0. 1 mol dm-3 TBABF /acetonitrile; 
first scan (<D ___ ), second scan (@ ------ ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 16 
Fig. 4.6 Cyclic voltammogram of (E)-2-styrylpyrrole (15). 
WE: Pt disc (area: 0.385 cm2); monomer cone.: 0.005 mol dm-3; 
u=5 mV s- 1 ; electrolyte: 0. 1 mol dm-3 LiClO/acetonitrile; 
first scan (<D ), second scan (@ ------ ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 17 
Fig. 4.7 SEM of the film obtained from the electropolymerisation of 
(E)-2-styrylthiophene (12) on ITO. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  122 
278 
Fig. 4.8 
Fig. 4.9 
SEM of the film obtained from the electropolymerisation of 
(E)-2-styrylpyrrole (15) on ITO glass. This cross-section of the 
film shows the remarkably smooth and homogeneous structure. . . . . .  1 23 
SEM showing growth centres of poly((E)-2-styrylpyrrole (15)) 
formed during the early stages of electropolymerisation on ITO. 
The total charge passed during electropolymerisation was 
9.3 mC cm-2• The passage of 1 1 .2 mC cm-2 resulted in complete 
overlap of these growth centres to produce a smooth 
homogeneous film . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  124 
Table 4.2 Summary of XPS data of poly((E)-2-styrylheterocycles), 
polypyrrole and polythiophene. .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 28 
Table 4.3 Degrees of polymer doping, determined from the ratio of the atomic 
percentages of the S(2p) peak (N(l s) in the case ofpolypyrrole and 
poly 15) to that of the Cl(2p) peak in the XPS spectrum . . . . . . . . . . . . . . . . . .  129 
Table 4.4 Summary ofFT-IR data ofpoly((E)-2-styrylheterocycles) and 
polythiophene prepared under chemical and electrochemical 
conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  130 
Fig. 4. 10(a) Proposed cationic polymerisation mechanism for the origin of 
saturation within poly((E)-2-styrylheterocycles). X represents 
S, NH or 0.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 3 1  
Fig. 4. 1 O(b) Proposed free radical polymerisation mechanism for the origin of 
saturation within poly((E)-2-styrylheterocycles). X represents 
S, NH or 0. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  132 
Fig. 4. 1 0( c) Proposed intra-molecular coupling mechanism for the origin of 
saturation within poly((E)-2-styrylheterocycles). X represents 
S, NH or 0. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  133 
Fig. 4. 1 1  CPMAS I 3C NMR spectra of the chemically polymerised 
(E)-2-styrylthiophene (12): (a) protonated carbon spectrum; 
(b) non-protonated spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  135 
279 
Fig. 5 . 1  General schematic of the anodic electropolymerisation of 
(E)-1 ,2-di(2-thienyl)ethene to produce an electroactive polymer 
coupled via the a-positions and containing alkene spacer linkages 138 
Fig. 5.2 Schematic showing structural similarity between 
(Z)-a-phenyl-�-(2-thienyl)acrylonitrile (28) and 
(E)-2-styrylthiophene (12) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  139 
Fig. 5.3 (Z)-a,�-Diarylacrylonitriles synthesised for electropolymerisation 
studies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  140 
Table 5 . 1  Summary of electrochemical data of (Z)-a,�-diarylacrylonitriles 
containing one heterocyclic ring (26-33). . . . . . . . . . . . . . . .  . . . .  . . . .  . . . . . .  . . . . . . . . .  . .  142 
Fig. 5.4 Cyclic voltammogram of (Z)-a-phenyl-�-(3-thienyl)acrylonitrile (26). 
WE: Pt disc (area: 0.385 cm2); monomer cone. :  0.005 mol dm-3; 
U=5 m V s- 1 ; electrolyte: 0. 1 mol dm-3 LiCIO iacetonitrile; 
first scan (CD ___ ), second scan (@ ------ ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  143 
Fig. 5.5 Cyclic voltammogram of (Z)-a-(3-thienyl)-�-phenylacrylonitrile (27). 
WE: Pt disc (area: 0.385 cm2); monomer cone.: 0.005 mol dm-3; 
u=5 m V s- 1 ; electrolyte: 0. 1 mol dm-3 LiCIO iacetonitrile; 
first scan (CD ), second scan (@ ------ ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  145 
Fig. 5.6 Cyclic voltammogram of (Z)-a-phenyl-�-(2-thienyl)acrylonitrile (28). 
WE: Pt disc (area: 0.385 cm2); monomer cone. :  0.005 mol dm-3; 
u=5 mV s- 1 ; electrolyte: 0. 1 mol dm-3 LiClOiacetonitrile; 
first scan (CD ), second scan (@ ------ ), 
third scan (® . . . . . . . .  ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  147 
Fig. 5.7 Proposed mechanism of the electropolymerisation of 
(Z)-a-phenyl-�-(2-thienyl)acrylonitrile (28). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  148 
Table 5.2 Summary of electrochemical data of (Z)-a,�-diarylacrylonitriles 
containing two heterocyclic rings (34-39) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151  
280 
Fig. 5 .8 Cyclic voltammogram of (Z)-a,B-di-(3-thienyl)acrylonitrile (34) . 
WE: Pt disc (area: 0.385 cm2);  monomer cone. :  0.005 mol dm-3; 
u=5 m V s- 1 ; electrolyte: 0. 1 mol dm-3 LiClOiacetonitrile; 
first scan (<D ), second scan (@ ------ ), 
fifth scan (@ _._._._._. ), sixth scan (® _ . .  _ . . _ . . _ . .  _ . .  ) ,  
seventh scan ((1) . . . . . . . .  ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  152 
Table 5.3 Spin density populations of some heterocyclic radical cations, as 
determined from density functional theory (DFT) calculations. . . . . . .  153 
Fig. 5 .9 Proposed mechanism of the electropolymerisation of 
(Z}-a,p-di-(3-thienyl)acrylonitrile (34) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 54 
Fig. 5. 10 Fused tricyclic heteroaromatic compounds formed from the 
intra-molecular cyclisation reactions of 
(a) (Z)-a-(3-thienyl)-B-(2'-thienyl)acrylonitrile (35) and 
(b) (Z)-a-(2-thienyl)-P-(3'-thienyl)acrylonitrile (36). . . . . . . . . . . . . . . . . . . . . . .  1 55 
Fig. 5. 1 1  Cyclic voltammogram of (Z)-a,B-di-(2-thienyl)acrylonitrile (37) . 
WE: Pt disc (area: 0.385 cm2) ;  monomer cone. :  0.005 mol dm-3; 
u=5 m V s- 1 ; electrolyte: 0. 1 mol dm-3 LiCIOiacetonitrile; 
first scan ((J) ), second scan (@ ------ ), 
third scan (® -·-·-·-·-· ). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  157 
Fig. 5. 1 2  Cyclic vo1tammogram of (Z)-a-(2-thienyl)-B-(2'-pyrryl)­
acrylonitrile (38). WE: Pt disc (area: 0.385 cm2); monomer 
cone. : 0.005 mol dm-3; u==5 m V s- 1 ; electrolyte: 0. 1 mol dm-3 
LiCIOiacetonitrile; first scan (CD ), 
second scan (@ ------ ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 58 
Fig. 5. 1 3  Cyclic voltammogram of (Z)-a-(2-thienyl)-B-(2'-furyl)­
acrylonitrile (39). WE: Pt disc (area: 0.385 cm2) ;  monomer 
cone. : 0.005 mol dm-3; u==5 m V s- 1 ; electrolyte: 0. 1 mol dm-3 
LiCIOiacetonitrile; first scan (CD ), 
second scan (® ------ ), third scan (® -·-·-·-·-· ) . . . . . . . . . . . . . . . . . . . . . . . . .  160 
28 1 
Fig. 5. 14  SEM of the film formed from the electropolymerisation of 
(Z)-a-phenyl-P-(2-thienyl)acrylonitrile (28) on ITO. . . . . . . . . . . . . . . . . . . . . .  164 
Fig. 5. 1 5  SEM of the film formed from the electropolymerisation of 
(Z)-a-(2-thienyl)-P-(2'-pyrryl)acrylonitrile (38) on ITO. . . . . . . . . . . . . . . . .  165 
Fig. 5. 16  SEM of  the film formed from the electropolymerisation of 
(Z)-a-(2-thienyl)-P-(2'-furyl)acrylonitrile (39) on ITO. . . . . . . . . . . . . . . . . . .  166 
Table 5.4 Summary of XPS data of polypyrrole, polythiophene and 
poly((Z)-a,p-diarylacrylonitriles) containing one heterocyclic ring.. 168 
Table 5.5 Summary of XPS data ofpoly((Z)-a,p-diarylacrylonitriles) 
containing two heterocyclic rings. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  169 
Table 5.6 Degrees of polymer doping doping, determined from the ratio of 
the atomic percentages of the S(2p) peak (N(1s) in the case of 
polypyrrole) to that of the Cl(2p) peak in the XPS spectrum.. . . . . . . . . .  172 
Table 5.7 Summary of the FT-IR data of films electrochemically 
polymerised from (Z)-a-(2-thienyl)-P-(2'-pyrryl)acrylonitrile (38) 
Fig. 6. 1 
and thiophene. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  173 
Proposed idealised structure of the polymer formed from the 
electropolymerisation of 2,5-dimethylthiophene. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  176 
Fig. 6.2 Structure of 1 , 1 ', 1 ", 1 '"-silanetetrayltetrakis-JH-pyrrole (40) . . . . . . . . . . . .  177 
Fig. 6.3 Cyclic voltammogram of 2,5-dimethylthiophene. WE: Pt disc 
(area: 0.385 cm2); monomer cone. :  0. 10  mol dm-3; U=50 m V s-1 ; 
electrolyte: 0. 1 mol dm-3 TBABF/acetonitrile; 
first scan ( ), second scan ( ------ ), 
third scan ( _._._._._. ), fourth scan ( . . . . . . . . .  ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  178 
Fig. 6.4 SEM images of the film obtained from the electropolymerisation 
of 2,5-dimethylthiophene under potentiodynamic conditions on 
ITO glass. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  180 
282 
Fig. 6.5 SEM of polypyrrole obtained under potentiodynamic conditions 
on ITO glass. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 8 1  
Table 6. 1 XPS data of polypyrrole, polythiophene and 
poly(2,5-dimethylthiophene) films doped with lithium perchlorate. . .  1 83 
Table 6.2 Spin density distributions of pyrrole, thiophene and 
2,5-dimethylthiophene radical cations, obtained from DFf 
calculations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 85 
Fig. 6.6 Electron impact mass spectrum of the anolyte solution showing 
oligomers of 2,5-dimethylthiophene. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 87 
Table 6.3 Oligomers produced during the electropolymerisation of 
2,5-dimethylthiophene as identified by mass spectrometry. . . . . . . . . . . . .  1 88 
Fig. 6. 7 Cyclic voltammogram of 1 ,  1 ', 1 ", 1 '"-silanetetrayltetrakis­
JH-pyrrole (40). WE: Pt disc (area: 0.385 cm2); monomer 
cone. :  0.005 mol dm-3; U=5 m V s-I ; electrolyte: 0. 1 mol dm-3 
Fig. 6.8 
TBABF/dichloromethane; first scan ( ), 
second scan ( ------ ), third scan ( _._ ._._ ._. ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  190 
SEM of the polymer formed from the electropolymerisation of 
1 ,  1 ', 1 ", 1 "'-silanetetrayltetrakis-1 H-pyrrole ( 40) . . .  . . .  . .  . . .  . .  . . . . . . . . . . . . . . . .  . .  1 92 
Table 6.4 Microanalysis data of 1 , 1 ' , 1 ", 1 "'-silanetetrayltetrakis-JH-pyrrole 
( 40), poly 40 and polypyrrole. . . .  . .  . . . . . .  . .  . . .  . . .  . .  . . . . . .  . . . . . .  . .  . . .  . .  . . .  . . . . . . .  . .  . . . .  193 
Table 6.5 XPS data of the film formed from the electropolymerisation of 
1 , 1 ', 1  ", 1 "'-silanetetrayltetrakis-JH-pyrrole (40). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  195 
Fig. 6.9 Possible structure of poly( 1, 1', 1 ", 1 "'-silanetetrayltetrakis-
JH-pyrrole (40)). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  196 
Table 7. 1 Spin density distributions of pyrrole (41), thiophene (42) and 
(E)-stilbene (11) radical cations obtained from DFf and INDO 
calculations, and from ESR.. . .  . .  . . .  . .  . .  . . .  . . . .  . . .  . . .  . .  . .  . . .  .. . .  . .  . .  . .  . . .  . .  . .  . .  . .  . . . . . .  207 
283 
Table 7.2 Spin density populations of the oligomeric radical cations of 
pyrrole (41,44,45) and thiophene (42,46,47) obtained from 
DFT calculations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  208 
Table 7.3 Spin density populations of (E)-3-styrylthiophene radical cations 
(1,3,26) obtained from DFT calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 1 1  
Fig. 7 . 1 Proposed mechanism for the electrodimerisation of 
(E)-3-styrylthiophene (1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  212 
Table 7.4 Spin density populations of (E)-2-styrylheterocyclic radical cations 
(12,14,15) obtained from DFT calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 15  
Table 7 .5  Spin density populations of the radical cations of 
(E)- 1 ,2-di-(2-thienyl)ethene (47) and some 
(Z)-a,�-2-diarylacrylonitriles (37-39) obtained from DFT 
Fig. 8. 1 
calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  216 
Structural arrangement of the layered compound n-MoTe2; , 
• represents Mo atoms, 0 represents Te atoms; (a) trigonal 
prismatic arrangement of the metal chalcogenide atoms within a 
single layer; (b) schematic view of the layer arrangement also 
showing the interlayer gap; (c) atomistic view of the structure, 
including interlayer spacing and change in metal position; 
(d) atomistic top view of a layered surface; section (c) indicates 
the position at which structural data for Fig. 8 . 1 (c) have been 
shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  225 
Fig. 8 .2 Proposed structure of 51  kD/66 kD heterodimer of HIV - 1  RT 
Fig. 8.3 
on the basis of available x-ray data [293]; (a) a schematic view 
of the approximate subdomain organisation; (b) schematic 
showing the proposed interaction between the enzyme and 
oligonucleotide; not drawn to scale. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229 
STM image of n-MoTe2. U1=-0.7 V (sample negative), 
J1= 1 .4 nA (constant height mode) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  232 
284 
Fig. 8.4 
Fig. 8.5 
Fig. 8.6 
Fig. 8.7 
Fig. 8.8 
Fig. 8.9 
STM line scan across a large triangular defect on an n-MoTe2 
surface for calibration of the effective tip radius; the average radius 
has been evaluated through three scans of different directions. 
U1=-0.7 V (sample negative), 1t=0.2 nA (constant current mode) . . . .  234 
Model consideration of magnification processes due to tip radius 
effects on non-periodic samples; (a) geometric model; 
(b) magnification and blurring effects (upper part) by imaging a 
circular ring-type structure (lower part) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  235 
STM 'top view image' of the 51 k.D/66 kD heterodimer of the HIV - 1  
reverse transcriptase on n-MoTe2. U1=-0.7 V (sample negative), 
11=0.2 nA (constant current mode); (a) and (b) show different 
coloured height scales. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  237 
STM 'line plot' image of the 5 1  k.D/66 kD heterodimer of the HIV- 1 
reverse transcriptase on n-MoTe2• U1=-0.7 V (sample negative), 
11=0.2 nA (constant current mode) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  240 
Schematic of the 5 1  k.D/66 kD heterodimer of the HIV - 1  reverse 
transcriptase showing various domains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  241 
STM 'top view' image of the 66 k.D/66 kD homodimer of the HIV - 1  
reverse transcriptase on n-MoTe2. U1=-0.7 V (sample negative), 
11=0.2 nA (constant current mode) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  243 
Fig. 8. 10 STM image of several AMV reverse transcriptases attached to an 
RNA/DNA hybrid n-MoTe2• U1=-0.7 V (sample negative), 11=0.2 nA 
(constant current mode); (a) and (b) show different 
coloured height scales.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  245 
Fig. 8. 1 1  STM image of the RNA section of the RNA/DNA hybrid on n-MoTe2, 
showing the characteristic 33 A helicity of RNA. U1=-0.7 V (sample 
negative), 11=0.2 nA (constant current mode). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  247 
Fig. 8. 12  Magnified STM image of the RNA/DNA hybrid section of the chain 
obtained on the second scan. U1=-0.7 V (sample negative), 11=0.2 nA 
(constant current mode);(a) top view, (b) line plot.. . . . . . . . . . . . . . . . . . . . . . . . . .  249 
285 
I 
� 
Fig. 8. 1 3  Magnified STM image of the RNA/DNA hybrid section of the chain 
obtained on the second scan. U1=-0.7 V (sample negative), 11=0.2 nA 
(constant current mode). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  25 1 
Fig. 8. 14 STM image obtained from the first scan of AMV reverse 
transcriptases attached to the RNA portion of an RNA/DNA hybrid on 
n-MoTe2• U1=-0.7 V (sample negative), 11=0.2 nA (constant current 
mode). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  253 
Fig. 8. 1 5  AFM image ofpoly((E)-2-styrylpyrrole (15)) on ITO glass. 
Image obtained in the constant force (contact) mode using a scan 
range of 7000 nm (2000 nm shown) and a scan rate of 
50000 nm s-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  254 
286 
APPENDIX 
PUBLISHED PAPERS 
1 Polyheterocycles Containing Alkene Spacer Linkages. Part I. Synthesis and 
Electropolymerisation of 3-Styrylthiophenes 
J. R. Smith, S .  A. Campbell, N. M. Ratcliffe and M. Dunleavy, Synthetic 
Metals, 63(3) ( 1994) 233-243. Submitted for publication 1 1th December 
1 993; accepted 9th January 1994. 
2 Polyheterocycles Containing p, P-linkages: Electrosynthesis and Properties 
of Poly(2,5-dimethylthiophene) 
J. R. Smith, S .  A. Campbell and N. M. Ratcliffe, Bulletin of Electrochemistry, 
1 1 (8) ( 1 995) 361 -369. Submitted for publication 6th July 1 994; accepted 24th 
April 1995. 
3 Polyheterocycles Containing Alkene Spacer Linkages. Part 11. Synthesis and 
Polymerisation of (E)-2-Styrylthiophenes and (E)-2-Styrylpyrrole 
J. R. Smith, N. M. Ratcliffe and S. A. Campbell, Synthetic Metals, 73(2) 
( 1995) 1 7 1 - 1 82. Submitted for publication 5th January 1 995 ; accepted 16th 
February 1 995. 
4 Application of Density Functional Theory in the Synthesis of Electroactive 
Polymers 
J. R. Smith, N. M. Ratcliffe, P. A. Cox and S .  A. Campbell, Journal of the 
Chemical Society, Faraday Transactions, 9 1 ( 1 5) ( 1995) 233 1 -2338. Submitted 
for publication 17th January 1995; accepted 28th February 1 995. 
5 Cyclic Voltammetry at Metal Electrodes 
J. R. Smith, S .  A. Campbell and F. C. Walsh, Transactions of the Institute of 
Metal Finishing, 73(2) ( 1995) 72-78. Submitted for publication 27th January 
1995; accepted 29th March 1995. 
A further six papers in preparation 
287 
Synthetic MetaLv, 63 ( 1994) 233-243 233 
Polyheterocycles containing alkene spacer linkages 
Part I. Synthesis and electropolymerization of 3-styrylthiophenes 
J.R. Smith and S .A. Campbell* 
Applied Electrochemistry Group, Department of Chemistry, University of Portsmouth, White Swan Road, Portsmouth POJ 2DT (UK) 
N.M. Ratcliffe 
Department of Chemical and Physical Sciences, Faculty of Applied Sciences, University of the West of England (Bristol), Coldharbour 
Lane, Frenchay, Bristol BSJ6 JQY (UK) 
M. Dunleavy 
British Aerospace plc, Sowerby Research Centre, PO Box 5, Filton, Bristol BS12 7QW (UK) 
(Received December 21, 1993; accepted January 6, 1994) 
Abstract 
The synthesis and electrochemical behaviour of novel thiophene .cmnpounds containing a substituted phenyl group 
separated by an alkene spacer are described. In such systems, , it was proposed that the molecular geometry 
should allow the 'lT-electron density of the phenyl group to be delocalized with that of the thiophene ring by 
means of the alkene spacer. The presence of this unsaturated l inkage should also minimize steric hindrance 
between the two rings. A number of such monomers exhibiting a range of electronic effects were prepared and 
their electrochemical behaviour investigated. Although films were deposited on the anode surface by electro­
polymerization, the conductivities were of the order of 10-6 S cm- 1• The nature of the films was investigated 
by electrochemical and microscopic techniques. Potentiodynamic studies indicated that the alkene spacer linkage 
may be subject to irreversible electrooxidation. Polymer redox peaks, characteristic of anion mobility within 
conductive polymers, were absent from the cyclic voltammograms. SEM observations showed that the films were 
exceptionally smooth and homogeneous. 
·. 
Introduction 
Conducting polymers are an exciting new class of 
electronic materials. Since their discovery in 1979 [1] 
they have attracted increasing interest. These synthetic 
metals have the potential of combining the high con­
ductivities of pure metals, e.g. copper, with the pro­
cessibility, corrosion resistance and low density of poly­
mers [2]. As a consequence, research in this area has 
been multidisciplinary with considerable interest from 
both academia and industry in the fields of chemistry, 
solid-state physics and electrochemistry. 
The aim of this study was to produce highly conducting 
polymers (u> 100 S cm - 1). It was thought that the 
conductivity of poly(3-phenylthiophene) (140 S cm- 1) 
[3], the structure of which is shown in Fig. 1, could 
be increased by the introquction of an unsaturated 
spacer linkage between the 3-substituted phenyl rings 
and the polythiophene backbone. This should greatly 
increase the degree of co-planarity of the polymer, the 
• Author to whom correspondence should be addressed. 
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Fig. 1 .  Proposed idealized structure of poly(3-phenylthiophene). 
Fig. 2. Proposed idealized structure of poly((E)-3-styrylthiophene ) . 
R represents a substituent at the para-position of the benzene 
ring. 
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proposed structure of which is shown in Fig. 2, and 
high conductivities with a concomitant reduction in 
bandgap might be expected. The requirement for a 
spacer linkage has been recognized [4]. However, only 
alkyl [ 4-6] and alkoxy [7, 8] linkages have been in­
vestigated and these do not allow conjugation between 
the pendent phenyl groups and the polythiophene back­
bone. 
Poly( (E)-3-styrylthiophene) should allow the 'lT-elec­
tron density of the phenyl group to be delocalized with 
that of the polythiophene backbone by means of the 
alkene spacer. The presence of this unsaturated linkage 
should also minimize steric hindrance between the two 
rings. Substitution at the 3-position should still allow 
monomer coupling to occur through the 2- and 5-
positions of the thiophene heterocycle, as in polythio­
phene. UV spectroscopic and X-ray crystallographic 
evidence have shown that (E)-stilbene, an analogue of 
the proposed monomer, is essentially planar in solution 
with minimal steric hindrance [9]. 
A number of substituted 3-styrylthiophenes possessing 
a range of electronic effects were prepared (Fig. 3) 
and their electrochemical behaviour studied using stan­
dard electrochemical techniques such as cyclic voltam­
metry, chronoamperommetry and galvanostatic meth­
ods. The first studies attempted to relate the monomer 
structure to the electrochemical behaviour. 
A more detailed electrochemical study was made 
using monomers
. 
(E)-3-styrylthiophene (1), (E)-3-(4'­
nitrostyryl)thiophene (2) and (E)-3-( 4' -aminostyryl)­
thiophene (3) since it is known that the structure and 
properties of polythiophene films are greatly affected 
by the nature of the solvent [10], electrolyte [11-13] 
and applied electrical conditions [10]. 
)GJR 
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Fig. 3. Styrylthiophenes and related compounds investigated. 
Experimental 
Synthesis and characterization of 3-styrylthiophenes. 
General methodology 
Modification of the Wittig reaction [14] for the syn­
thesis of (E)-stilbene was used to prepare styrylthio­
phenes, of which 2-8 are novel compounds. 
Chemicals 
Aldrich (AR grade) chemicals were used for organic 
syntheses, with the exception of sodium, reduced iron 
powder, ammonium chloride, triphenylphosphine, so­
dium hydride, DMSO and anhydrous iron(III) chloride 
which were obtained from BDH (reagent grade). Thio­
phene-3-carboxaldehyde (Aldrich, AR grade) was re­
distilled immediately prior to use (b.p. 87-88 °C/2.2 
mmHg). Ether was dried over sodium prior to use. 
Kieselgel 60 (Merck) was used for chromatographic 
separations. 
Instrnmentation 
Infrared spectra were recorded on a Perkin-Elmer 
297 spectrometer using Nujol mulls of samples between 
NaCI plates. 1H NMR and 13C NMR spectra were 
recorded at room temperature in either CDCl3 or d6-DMSO solution on a JEOL GSX-270 CH, 13C) Fourier 
transform spectrometer at 270.05 MHz CH) and 67.80 
MHz C3C), resp., using the deuterium signal of the 
solvent as the lock and TMS as internal standard. 
Chemical shifts in the 1H NMR are presented in the 
following format: chemical shift (multiplicity, coupling 
constant], proton assignment, proton integration).  Elec­
tron impact mass spectra were recorded on a JEOL 
JMS-DX 303 spectrometer using an ionization potential 
of 70 e V. Melting points were recorded using Gallen­
kamp melting point apparatus and are uncorrected. 
Organic syntheses 
Benzyltriphenylphosphonium bromide 
Benzyl bromide (20.00 g, 0.1 17  mol) was added to 
a solution of triphenylphosphine (30.67 g, 0.1 17 mol) 
in toluene (75 cm3). The reaction mixture was stirred 
for 24 h at room temperature. After this period, a thick 
white solid had precipitated which was filtered off, 
washed with toluene and recrystallized from ethanol 
to yield a white microcrystalline solid ( 49.5 g, 98% ). 
Diethyl-4-nitrobenzyl phosphonate 
A mixture of 4-nitrobenzyl bromide (99%, 1 1.86 g, 
55 mmol) and triethyl phosphite (13.24 g, 80 mmol) 
was stirred at 1 10 oc for 50 min during which time 
copious amounts of ethyl bromide distilled off. The 
reaction mixture was distilled under reduced pressure 
to give diethyl 4-nitrobenzyl phosphonate as a golden 
oil (13.23 g, 88%); b.p. 1 82-184 °C/0.9 mmHg, lit. 
180-200 °C/2 mmHg [15]. 
1H NMR (CDC13) 8: 1 .25 (t, CH3, 6H), 3.25 ( d, CH2, 
2H), 4.10 (m, CHz, 4H), 7.50 (q, ArH, 2H), 8.20 (d, 
ArH, 2H) ppm. 13C NMR (CDC13) 8: 16.35, 32.92, 
34.93, 62.5, 123.66, 130.65, 139.82, 146.96 ppm, lit. 16.6 
(CHz), 33.7 (PCH2), 62.6 (CH2), 123.8, 131 .6, 141.5 
�-CH2), 147.3 (C-N02) ppm [15]. 
3-Bromomethylthiophene 
This compound was prepared according to an es­
tablished procedure [16]. 
3-Thienyltriphenylphosphonium bromide 
3-Bromomethylthiophene (2.0 g, 1 1 .3 mmol) was 
added to a solution of triphenylphosphine (2.6 g, 10 
mmol) in benzene (5 cm3) and the mixture stirred 
overnight. The white solid formed was filtered, washed 
with benzene and dried. Recrystallization from ethanol 
gave 3-thienyltriphenylphosphonium bromide as white 
crystals (18.6 g, 8 1% ); m.p. 172 oc. 
IR (Nujol): 3060 ( v ArH), 1 1 1 1  ( y p-Ar H). 1H NMR 
(d6-DMSO) 8: 7.60 (m, thiophenyl-H, 3H), 7.80 (m, 
ArH, 15H) ppm. 
(E)-3-Styrylthiophene (I) 
Sodium (1.42 g) was added to ethanol (20 cm3) and 
the solution was added to a stirred solution of ben­
zyltriphenylphosphonium chloride (9.76 g, 0.0225 mol) 
in ethanol (20 cm3). The reaction mixture immediately 
turned an intense orange colour and stirring was con­
tinued for 10 min. Thiophene-3-carboxaldehyde (2.53 
g, 0.0225 mol) in ethanol (20 cm3) was added to the 
reaction mixture and stirring was continued for a further 
24 h. The reaction mixture was diluted with petroleum 
ether, the solid collected and purified by column chro­
matography using CHC13 as the eluent. Evaporation of the solvent and a small addition of ether gave 1 as 
fine white needles (2.18 g, 53%); m.p. 121-123 oc, lit. 
123-124 oc [ 17]. 
Compound 1. IR (Nujol): 970 cm - 1; lit. 948 (y=CH 
(E)) cm - 1  [18, 19]. 1H NMR (CDC13) 8: 6.95 (d, ethenyl­H, lH), 7.13 (d, ethenyl-H, 1H), 7.25 (m, thiophenyl­
H and PhH, 2H), 7.34 (m, PhH, 4H), 7.47 (m, thiophenyl­
H, 2H) ppm. 13C NMR (CDC13) 8: 122.37, 122.84, 126.18, 126.24, 127.43, 128.61, 128.64, 137.32, 137.32 
ppm. MS (m/z): 51 ,  63, 77, 84, 92, 102, 1 15, 132, 141, 
152, 171, 186 (M+), lit. 186 (M+)  [17]. 
(E)-3-(4 '-Nitrostyryl)thiophene (2) 
Butyl lithium (10 mol dm -3  in hexane, 2.2 cm3; 
approx. 10 equiv.) was injected into dry hexane (5 cm3) 
while stirring under a nitrogen atmosphere. Diethyl 4-
nitrobenzyl phosphonate (5.90 g, 22 mmol) in dry ether 
(22 cm3) was added dropwise over a period of 30 min 
235 
under nitrogen. A fine, slightly soluble red precipitate 
was formed and stirring was continued for 15 min. 
Thiophene-3-carboxaldehyde (2.42 g, 22 mmol) in ether 
(22 cm3) was added in one portion. During the sub­
sequent 15 min, the colour of the reaction mixture 
changed from red to brown. The mixture was stirred 
for a further 1 h and poured into water (300 cm3). On 
attempting to separate the ethereal and aqueous layers, 
a large amount of brown solid precipitated at the 
interface. The ether layer was separated off, the pre­
cipitate filtered, and washed with water (2 X 200 cm3). 
Recrystallization from ethanol yielded a brown micro­
crystalline solid (1.53 g, 31%); m.p. 162-163 oc. 
Compound 2. 1H NMR (CDC13) 0: 7.00 (d, ethenyl­H, lH), 7.36 (m, ethenyl-H and thiophenyl-H, 4H), 
7.61 ( d, PhH, 2H), 8.20 ( d, PhH, 2H) ppm. 13C NMR 
(CDC13) 8: 124.0-127.3, 139.1, 144.0, 146.4 ppm. MS 
(m!z): 18, 28, 32, 45, 63, 79, 92, 115, 129, 141, 152, 
158, 171, 184, 231 (M+) .  
(E)-3-(4 '-Aminostyryl)thiophene (3) 
A mixture of 2 (0.72 g, 3.12 mmol), reduced iron 
powder (0.45 g, 8.0 mmol), ammonium chloride (0.31 
g), ethanol (10.5 cm3) and water (0.3 cm3) was stirred 
under reflux for 1 1  h. The mixture was filtered whilst 
hot and the filterpad washed repeatedly with hot ethanol. 
The filtrate was collected and evaporated to dryness 
to yield an orange mass. TLC (using petroleum ether: 
ethyl acetate 1 : 1  vol./vol. as eluent) confirmed the 
reaction had not gone to completion. The orange solid 
was dissolved in the same solvent and purified by column 
chromatography. TLC (using petroleum ether:ethyl ace­
tate 10:3 vol./vol.) was used to follow the separation. 
The first fraction, identified by NMR, was the unreacted 
nitro compound 2 (0.06 g). TLC analysis showed that 
the second fraction consisted of a mixture 2 and 3. 
The solvent from the second fraction was removed by 
evaporation and the residue washed repeatedly with 
petroleum ether:ethyl acetate 9:1 vol./vol. to remove 
the nitro compound, confirmation of which was by 
NMR. The precipitate was dried in vacuo to yield 3 
as yellow crystalline plates (0.16  g, 26% ); m.p. 183-184 
oc. 
Compound 3. MS (m/z): 28, 57, 69, 97, 129, 167, 
184, 201 (M+ ). 
(E)-3-(4 '-Hexadecyloxystyryl)thiophene (4) 
Sodium hydride, 80% dispersion in mineral oil (0.075 
g, 3.1 mmol), was dissolved in DMSO (20 cm3) at 60-70 
oc. 3-Thienyltriphenylphosphonium bromide (1.3 g, 2.5 
mmol) was added and the mixture stirred for 30 min 
during which time all the solid had dissolved to give 
a deep red solution. 4-Decyloxybenzaldehyde (0.86 g, 
3 .1  mmol) was added and the mixture stirred at 60-70 
oc for a further 30 min. TLC showed the disappearance 
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of the starting aldehyde. The mixture was cooled and 
then poured into an ice/water mixture and the resulting 
solid was extracted into ether. The ethereal solution 
was passed through a short column of silica gel to 
remove triphenylphosphine oxide. After removal of the 
ether, the residue was recrystallized from ethanol to 
give the product as pale yellow crystals (1.2 g, 72% ); 
m.p. 145 oc. 
Compound 4. IR (Nujol): 1317 (C-0), 965 (y=CH 
(E)) cm-1 •  1H NMR (CDC13) o: 0.88 (t, CH3, 3H), 
1.30 (m, -(CH2)1n 28H), 3.95 (t, OCH2 2H), 6.42 (d, 
16 Hz, /3-ethenyl-H, 1H), 6.50 (d, 16 Hz, a-ethenyl-H, 
1H), 6.80 (d, 8.8 Hz, PhH, 2H), 6.91 (m, 4-thiophenyl­
H, lH), 7.12 (m, 2- and 5-thiophenyl-H, 2H), 7.21 (d, 
8.8 Hz, PhH, 2H) ppm. 
(E)-3-(4 '-Methoxystyryl)thiophene (5) 
Compound 5 was prepared as described for the 
synthesis of (E)-3-( 4' -hexadecyloxystyryl)thiophene ( 4), 
but using 4-methoxybenzaldehyde in place of 4-decyl­
oxybenzaldehyde. 
Compound 5. IR (Nujol): 131 1 (C-0), 967 (y=CH 
(E)) cm -1• 1H NMR (CDC13) o: 3.82 (s, OMe, 3H), 
6.89 (d, 8.7 Hz, PhH, 2H), 6.91 (d, 16 Hz, j3-ethenyl­H, 1H), 7.01 (d, 16 Hz, a-ethenyl-H, 1H), 7.21 (m, 4-
thiophenyl-H, 1H), 7.27 (m, 2- and 5-thiophenyl-H, 2H), 
7.42 (d, 8.7 Hz, PhH, 2H) ppm. 
(E)- and (Z)-3- (3 ', 4 ', 5 '-Trimethoxystyryl)thiophenes 
(6 and 7) 
Compound 6 was prepared as for compound 4, but 
3,4,5-trimethoxybenzaldehyde was used as the aldehyde. 
TLC confirmed the presence of a smaller amount of 
the (Z) isomer (7) which was isolated by chromato­
graphy. 
Compound 6. IR (Nujol): 1315 (C-O), 967 ( y=CH 
(E)) cm- 1• 1H NMR (CDC13) o: 3.91 (m, OMe, 9H), 
6.70 (s, PhH, 2H), 7.04 ( d, 16.3 Hz, 2-thiophenyl-H, 
1�), 7.26 (m, 4-thiophenyl-H, 1H), 7.33 (m, 2- and 5-
thiOphenyl-H, 2H) ppm. 
Compound 7. IR (Nujol): 1312 (C-0), 705 (y=CH 
(Z)) cm- 1• 1H NMR (CDC13) 8: 3.75 {s; m-OMe, 6H), 
3.85 (s, p-OMe, 3H), 6.50 (m, PhH, a- and j3-ethenyl­H, �H), 6.95 (m, 4-thiophenyl-H, 1H), 7.25 (m, 2- and 
5-thwphenyl-H, 2H) ppm. 
3-(Phenylalkynyl)thiophene (8) ;-Bromothiophene (0.20 g, 1.25 mmol) in ether (5 
cm ) was added dropwise to a stirred solution of mag­
n.esiUm powder (I g) in ether (10 cm3). After the VIgorous reaction had subsided, stirring was continued 
for 30 min. Trimethylsilylalkynylbenzene (0.22 g, 1 .25 
�ol) in ether (10 cm
3) was added to the reaction 
m�ture and stirring continued for 2 h. The reaction 
miXture was neutralized with ammonium chloride, the 
ethereal layer washed with water (2 X 50 cm3) and dried 
(Na2S04). Evaporation of the solvent yielded 8 as a 
brown microcrystalline solid (0.046 g, 20% ). The product 
was characterized by IR and NMR and used for elec­
trochemical studies without further purification. 
(E, E)-3- ( 4 '-Phenyl-1 ', 3 '-butadienyl)thiophene (9) 
Sodium (0.50 g) was added to ethanol (20 cm3) and 
the solution was added to a stirred solution of ben­
zyltriphenylphosphonium bromide (1.30 g, 2.96 mmol). 
The reaction mixture immediately turned an intense 
orange colour and stirring was continued for 10 min. 
Cinnamaldehyde (0.40 g, 2.96 mmol) in ethanol (20 
cm3) was added to the reaction mixture and stirred 
under gentle reflux for 60 min. The reaction mixture 
was diluted with petroleum ether and the solid collected. 
Recrystallization from ethanol gave 9 as pale yellow 
plates (0.106 g, 17%); m.p. 161-163 oc, lit. 164 oc [20]. 
Compound 9. IR (Nujol): 990 (vs), 830 (w), 780 (s), 
750 (vs), 695 (s) cm- \ lit. 990 (vs), 980 (vs), 910 (w), 
865 (w), 840 (w), 830 (w), 775 (vs), 747 (vs), 690 (vs), 
630 (s), 622 (w) cm -1 [20]. 1HNMR (CDCl3) 8: 6.60-6.95 
(m, ethenyl-H, 4H), 7.17-7.35 (m, ArH and thiophenyl­
H, 6H), 7.39-7.45 (m, thiophenyl-H, 2H) ppm. 13C 
NMR (CDCI3) 0: 122.19, 124.85, 126. 16, 126.29, 126.88, 
127.45, 128.64, 129.15, 129.30, 132.29, 137.35, 140.14 
ppm. MS (mlz): 45, 51, 58, 63, 77, 84, 102, 108, 115, 
121, 128, 134, 152, 165, 178, 184, 197, 212 (M+), lit. 
212.3 (M+ )  [20]. 
Electrochemical studies 
Acetonitrile (Aldrich, HPLC grade) was distilled over 
P205 and stored over alumina (Woelm N-Super 1). 
Dichloromethane (Fisons, AR grade), propylene car­
bonate (Aldrich, 99%) and nitrobenzene (Aldrich, 
99% ), tetrabutylammonium tetrafluoroborate 
(TBABF4), tetrabutylammonium para-toluene sulfonate 
(TBApTS), tetrabutylammonium fluorophosphate 
(TBAPF6), tetrabutylammonium perchlorate 
(TBAC104) (Fluka, puriss grade), sodium perchlorate 
(Fisons, AR grade) and lithium perchlorate (BDH, ACS 
grade) were used as received. All solutions wer� fres?Iy 
prepared and degassed with nitrogen for 15 mm pnor 
to each experiment. 
Electrochemical studies were performed in a three­
compartment divided cell. Either a platinum disc (area 
0.385 cm2) or indium-tin oxide (ITO) glass (Balzers 
High Vacuum Ltd., Milton Keynes, UK) was used as 
the working electrode (WE). The platinum electrode 
was polished prior to use with alumina (0.3 JLm). 
Platinum gauze was used as the counter electrode. 
Potentials were measured against SCE or Ag/AgN03 
reference electrodes. The latter consisted of a silver 
wire immersed in a solution of acetonitrile containing 
silver nitrate (0.01 mol dm-3) and TBABF4 (0.1 mol 
dm - 3). This solution was separated from the surround­
ing electrolyte by a glass frit .  
A Hi-Tek DT 2101 potentiostat coupled to a Hi­
Tek PPR1 waveform generator was used to generate 
the electrochemical signals. Output was recorded on 
a Lloyd PL3 XYt recorder. Charge passed during the 
experiments was measured with a Hi-Tek integrator. 
Various potcnt iodynamic and galvanostatic tech­
niques were used to study the clectrochemical behaviour 
of all the monomers. For cyclic voltammetry experi­
ments, the monomcr, together with the supporting 
electrolyte, e.g. a quaternary ammonium salt, was dis­
solved in acetonitrile and the potential cycled , typically 
from 0 to 2 V versus Ag/Ag + and the current monitored 
as a function of the applied potential. Films were grown 
from the same electrolyte compositions under constant 
current conditions, typically by passing currents in the 
range from 0.2 to 20 mA cm -z for between 10 min 
and 5 h using a two-electrode system and monitoring 
the potential as a function of time. Potentiostatic ex­
periments were performed by pulsing the systems at 
a variety of potcntials (Ei = O; E£ = 200--5000 mY versus 
AgjAg+ )  and studying the resultant chronoamperogram. 
Pt and ITO glass were used in the investigation of 
the effect of substrate on the electropolymerization 
reaction and the resultant properties of the polymer. 
For these studies, the electrolyte was TBABF4 (0.1 mol 
dm- 3) in acetonitrile. 
Polymer redox behaviour within the films was eval­
uated by removing the films from the cell, extensively 
washing with acetonitrile and then cycling in TBABF4 
(0. 1  mol dm- 3)/acetonitrile electrolyte. 
Film characterization methods 
To characterize the polymers, films were grown on 
ITO glass by cycling the potential between 0 and 2100 
mV versus Ag/Ag + at a sweep rate of 5 mY s - 1  in a 
solution of the monomer (0.005 mol dm -3) in aceto­
nitrile with LiCl04 (0.1 mol dm - 3) as the supporting 
electrolyte. A total of 1 .5 cycles was carried out, with 
termination of the final cycle at 2100 mY versus Ag/ 
Ag+ ensuring that the resultant film was fully doped. 
Adsorbed supporting electrolyte was removed by ex­
tensive rinsing with acetonitrile and the films were 
blown dry with n itrogen.  The samples were examined 
u nder a Vickers M41 Photoplan optical microscope and 
a JEOL JSM-35C scanning electron microscope (SEM). 
Films were gold sputtered for SEM observation and 
film thickness measurements were made by viewing a 
cross section of the film/substrate interface. Conductivity 
measurements were performed by applying a known 
current through the film thickness and measuring the 
resulting potential across the film. In these experiments, 
a mercury drop of known area was used as a contact 
to the film surface. 
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Results and discussion 
Effect of monomer stmcture 
The electrochemical behaviour of all the monomers 
was initially investigated by cyclic voltammetry. The 
I-V responses obtained from these compounds were 
similar and typical cyclic voltammograms are shown in  
Figs. 4-8. The electrochemical data obtained from each 
monomer are summarized in Table 1. A similar trend 
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Fig. 4. Cyclic voltammogram of (£)-3-styrylthiophene (1). WE: 
Pt disc (area: 0.385 cm2); monomer cone.: 0.005 mol dm-3; v = 5  
m V s-1 ;  electrolyte: 0.1 mol dm-3 TBABF4/acetonitrile: first scan 
(-); second scan (- - -) .  
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F. 5 Cyclic voltammogram of (£)-3-(4'-nitrostyryl)thiophene Jg. · 2 • 0 05 I (2). WE: Pt disc (area: 0.385 cm ); monomer _;one.. . mo 
dm-3; v = 10 mV s-' ;  electrolyte: 0.1 mol dm TBABF4/ace­
tonitrile: first scan (-); second scan (- - -). 
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Fig. 6. Cyclic voltammogram of (E)-3-(4' -aminostyryl)thiophene 
(3). WE: Pt disc (area: 0.385 cm2); v= 10 m V s- 1; different scans 
show the effect of the addition of HCI (0.01 mol dm-3, 1 : 1  ratio) 
to the electrolyte (0.1 mol dm -3 TBABF4/acetonitrile ): no addition 
of HCI (-); addition of HCI (- - -). 
')' 
E (J 
..: 
E 
� 0 . 5  
'iii c 0> 0 
c i" :; 
() 
8 0 0  
: 
I I 
1 00 0  1 2 0 0  
/ I I 
/-
1 4 00 1 6 0 0  
Potent i a l /  mV vs . Ag/ Ag+ 
I I 
I I I 
1 8 00 
Fig. 7. Cyclic voltammogram of (E)-3-( 4' -methoxystyryl)thiophene 
(5). WE: Pt disc (area: 0.385 cm2);  monomer cone.: 0.007 mol 
dm-3; v = lO mV s - 1; electrolyte: 0.1 mol dm-3 TBACI04/dich­
loromethane: first scan (-); second scan (- - -).  
in the general behaviour was observed for each of the 
monomers. Typically, as shown by (E)-3-styrylthiophene 
(1) in Fig. 4, the first anodic scan showed two initial 
oxidation waves at 1 160 and 1660 m V versus Ag/Ag+ .  
On the second scan these currents were reduced, but 
no corresponding reduction peaks were found for any 
monomer. The first process is thought to be that of 
the oxidation of the alkene linkage and the second the 
removal of an electron from the highest occupied mo­
lecular orbital (HOMO) of the electron-rich ?T-electron 
system of the thiophene ring [21 ]. It is known that 
alkenes undergo electrooxidation at potentials in the 
range 1500 to 2800 m V versus SCE [22] and conjugated 
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Fig. 8. Cyclic voltammogram of 3-(phenylalkynyl)thiophene (8). 
WE: Pt disc (area: 0.385 cm2); monomer cone.: 0.004 mol dm-3; 
v= 10 m V s- 1; electrolyte: 0.1 mol dm-3 TBABF4/acetonitrile: 
first scan (-); second scan (- - -). 
double bonds are more easily oxidized than isolated 
double bonds because conjugation of the ?T-electron 
system lowers the ionization potential [23]. This is the 
case with (E)-stilbene (11) where the double bond 
between the two phenyl rings is known to be more 
susceptible to attack than a non-conjugated double 
bond [24] and can even undergo electrophilic addition 
reactions. The absence of any redox behaviour of these 
films may be due to oxidation of the alkene linkages 
resulting in the formation of a dense crosslinked 
polymeric matrix which restricts anion mobility . 
To confirm that the double bond in the spacer linkage 
was undergoing attack during electrochemical cycling, 
the electrochemistry of (E)-stilbene (11), an analogue 
of 1, was examined under the same conditions. The 
cyclic voltammogram of (E)-stilbene is shown in Fig. 
9. (E)-Stilbene (11) undergoes chemical polymerization 
to form a soluble modified polyphenylene system, the 
conductivity of which is l.S x l0-4 to 4 X 10-6 S cm- 1  
on doping with iodine [25] and a comparison of its 
electrochemical behaviour with that of 1 (Table 2) 
shows very similar electrochemical behaviour. Peaks at 
1 160 and 1660 m V versus Ag/Ag+ for 1 may correspond 
to peaks at 1145 and 1545 m V versus Ag/Ag+ ,  re­
spectively, for (E)-stilbene� The relative current densities 
of these peaks support this. However, in the case of 
(E)-stilbene, the peak current densities decreased less 
with cycling than those for 1, which fell markedly by 
the third scan indicating, in the case of the styrylthio­
phene species, the formation of a porous insulating 
layer at the electrode surface whereas, in the case of 
(E)-stilbene, production of a soluble polymer results. 
However, despite the reduced currents with cycling and 
apparent lack of redox behaviour, polymeric films were 
obtained from the styrylthiophene monomers in almost 
all cases. 
The potential at which the first oxidation process 
occurs appears to be very dependent on the nature of 
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TABLE 1. Summary of electrochemical data of the 3-styrylthiophenes 
Monomer 
1 
2 
3 
3 
4 
5 
6 
7 
8 
9 
10 
Monomer cone. 
(mol dm-3) 
0.010  
0.008 
0.004 
0.002 
0.007 
0.004 
0.005 
0.005 
0.004 
0.005 
0.005 
Electrosynthetic 
conditions• 
_c,g 
_c,g 
_c,h 
_e,h 
_d,h 
_c,h 
_c,h 
_c,h 
_c,h 
_f,g 
_c,h 
1 160 
1660 
1250 
320 
1230 
620 
1050 
1400 
1400 
770 
1450 
750 
1 100 
1360 
820 
1 1 10 
1405 
1650 
1 130 
1425 
1650 
0.75 
0.65 
0.88 
0.30 
0.19  
0.16 
0.16 
0.31 
0.82 
0.84 
0.94 
0.58 
0.69 
1.03 
0.99 
0.95 
0.72 
0.55 
0.41 
0.20 
1.08 
Film appearance 
thin golden 
thin golden 
thin golden 
thin golden 
thin orange 
thin golden 
thin golden 
thin golden 
thin golden-pink 
thin golden 
non-visible 
•EJectrochemical behaviour observed using a three-compartment divided cell, under nitrogen at a Pt electrode. bPotentials and 
current densities refer to the first potential scan. <TBABF4 (0.1 mol dm -3) in acetonitrile. dTBAC106 (0.1 mol dm -3) in 
dichloromethane. 0TBABF4 (0.1 mol dm-3), HCI (0.01 mol dm-3) in acetonitrile. 1LiC104 (0. 1 mol dm-3) in acetonitrile. 
8Sweep rate 5 mV s - 1• hSweep rate 1D mV s- 1• 
1 . 2  
')> 0 .  8 
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Fig. 9. Cyclic voltammogram of (£)-stilbene (11). WE: Pt disc 
(area: 0.385 cm2); monomer cone.: 0.005 mol dm-3; v=S mV 
s-1 ;  electrolyte: 0.1 mol dm -3 TBABF4/acetonitrile: first scan 
(-); second scan (- - -). 
the substituent in the phenyl ring, R. In some instances 
it is unclear whether the electronic effects of the R 
group are modifying the ease of polymerization or 
whether the R group is itself undergoing an electro­
chemical reaction. For example, in the case of an amino-
substituted monomer, where aromatic amines are known 
to undergo complex electrooxidation well inside the 
potential range of interest, coupling through the amino 
group to produce an azobenzene may occur [26]. 
In the case of 3, where an amino group is present, 
an experiment was performed in which the electrolyte 
was acidified with hydrochloric acid (0.01 mol dm-3, 
1 : 1  ratio), thus forming the anilinium salt, the voltam­
mogram of which (Fig. 6) differed from that of the 
neutral monomer. The peak at 320 m V versus Ag/Ag+ 
had shifted to 620 mV which can be attributed to the 
decrease in conjugation of the amine hydrochloride 
with the '7T-system, reducing the ease of oxidation of 
the alkene bond. The peak at 1050 m V versus Ag/Ag+ 
must be that of the oxidation of the anilinium salt and 
that at 1450 m V due to the thiophene ring itself. These 
three separate peaks are not seen in the free amine 
monomer, but an exceedingly high current is seen over 
the whole potential range of interest of this compound. 
Alkoxy and nitro groups are known to be electroin­
active [27] and so in these monomers the effect of the 
substituent is simply to alter the unpaired electron spin 
density distribution in the radical cation, thereby af­
fecting its stability and reactivity. This is reflected in 
the first oxidation potentials which increase with the 
Hammett constant, u. +, of the substituent (Table 3). p 
+ c • For example, the Hammett constants, uP , 10r ammo 
and nitro groups are - 0.66 and + 0.78, respectively. 
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TABLE 2. Comparison of the electrochemical behaviour of (E)-3-styrylthiophene (I) and (E)-stilbene (11) 
(E)-3-Styrylthiophene (I)• (E)-Stilbene (11 )• 
1 160 
1660 
0.75 
0.65 
1 145 
1545 
1885 0.72 
0.62 1.02 
Appearance of electrodec thin gold homogeneous film no observable film 
•[Mon
_
�mer] = 0.005 mol dm 3; [T�ABF4J.=0. 1 mol dm-3 in acetonitrile; potential cycled between 0 and 2100 mV vs. Ag/Ag+; 5 
mV s for three scans on Pt. Potential and current density for the first scan. cAppearance of the electrode after the third 
scan. 
TABLE 3. Variation of the first oxidation potential on the first 
anodic scan of 4' -substituted (E)-3-styrylthiophenes with Hammett 
constant 
Substituent R 
NH2 
OMe 
H 
N02 
Hammett constant Epa (mV vs. Ag/Ag+ )  
aP 
+ 
- 0.66 320 -0.27 770 
+ 0.00 1 160 
+ 0.78 1250 
>m r-------------------------------------. 
1200 
400 
200 �-Q=�-----------.o�.n----------�-----------o�.n 
Hanmet.t Constant 
Fig. !0. Variation of the first oxidation potential on the first 
anod1c scan of 4'-substituted (E)-3-styrylthiophenes with Hammett 
constant. 
Comparison of the first oxidation potentials of these 
monomers gives values of 320 and 1250 m V versus Ag/ 
�g+,  showing that the lower the Hammett constant, 
the greater the ease of the first oxidation reaction (Fig. 
10). This mesomeric effect is in agreement with other 
reports concerning the electropolymerization of sub­
stituted thiophenes [28]. 
In experiments with 3, 6, 7 and 8, streams of intensely 
brown or gold species (blue in the case of 4) were 
obs�rved diffusing from the electrode surface at po­
tentJals corresponding to the first oxidation process. 
These coloured species were presumed to be radical 
cations or short chain oligomers and appeared to be 
stable over long periods of time and, for 6, a permanent 
yellow colour change was seen in the electrolyte. 
Effect of monomer concentration 
In the case of thiophene, it has been found that a 
minimum monomer concentration exceeding 0.02 mol 
dm-3 is necessary to produce conducting films [29-31]. 
This was necessary so that electron transfer was not 
limited by the rate of diffusion of monomer to the 
electrode surface which would result in over-oxidation 
of the polymer film. In the present work, the monomer 
concentrations were generally 0.005 mol dm-3, sug­
gesting that a contributory factor to inadequate film 
formation might be low concentrations. Therefore, the 
electrochemical behaviour of 1 and 2 was investigated 
over a range of monomer concentrations (0.005 to 0.05 
mol dm - 3) .  The results showed that, in these cases, 
monomer concentration had no obvious effect on the 
nature of the films produced or on the general shape 
of the cyclic voltammograms, which is in contrast to 
the concentration-dependent electrochemical behaviour 
of thiophene itself. 
Film growth 
Films were grown under constant current, constant 
potential and potentiodynamic conditions. Under con­
stant potential conditions, a decrease in current with 
time as a result of film growth was observed indicating 
that some form of passivating layer had been formed 
on the electrode surface: the reaction was not diffusion 
controlled, i.e. j-t112 was non-linear. 
Thin films produced potentiodynamically could only 
be grown at low sweep rates (5 mV s- 1). At higher 
sweep rates (10 mV s - 1), inhomogeneous films were 
produced whereas no films could be grown at sweep 
rates of 50 m V s - 1 •  This was the case for electro­
polymerization of all the monomers with the exception 
of 10, where no film was obtained. 
Solvent dependence 
The electrochemical behaviour of (E)-3-styrylthio­
phene (1, 0.005 mol dm -3) was investigated in a variety 
of solvents, including acetonitrile, dichloromethane, 
ethanol, propylene carbonate and nitrobenzene. A sim­
ilar potentiodynamic response was obtained from all 
the solvents and no redox behaviour was observed by 
varying the solvent. Thin golden homogeneous films 
could only be grown i n  acetonitrile, dichloromethane 
or ethanol. No film was apparent when using propylene 
carbona te or nitrobenzene. The absence of any ob­
servable film and the presence of a broad oxidation 
wave in these latter solvents is probably due to a 
decrease in the heterogeneous electron transfer rates 
as a result of the high solution viscosities [32]. There 
appears to be very little difference in the electrochemical 
behaviour and film appearance in the the presence of 
acetonitrile or d ichloromethane which is in agreement 
with other electrochemical studies [33]. 
Ef ect of supporting electrolyte 
To see whether the dopant anion may alter the redox 
behaviour of these polymers, the electrochemical be­
haviour of (E)-3-styrylthiophene (1, 0.005 mol dm - 3) 
was examined in the presence of a variety of supporting 
electrolytes, namely, TBABF4, TBAPF6, TBApTS, 
TBAC104, NaC104 and LiC104• The results showed 
that the potentials at which the electro-oxidation re­
actions were observed were not greatly affected by the 
nature or concentration of the supporting electrolyte 
and thin golden homogeneous films were obtained using 
all the supporting electrolytes investigated with the 
exception of TBApTS. Thiophene itself does not 
undergo electropolymerization in the presence of the 
latter electrolyte [34, 35] . 
Substrate dependence 
The electrochemical behaviour of the styrylthiophenes 
was extremely similar- on ITO glass and Pt electrodes. 
However, much thicker (about 20 JLm) brown-coloured 
films could be grown on ITO glass, whereas only very 
thin ( < 1 JLm) golden-coloured films were observed on 
Pt. This is in contrast to the substrate-dependent elec­
trodeposition of polypyrrole and polythiophene where 
growth on Pt is more favourable than on ITO glass by 
a factor of about ten [36]. 
Film characteristics and morphology 
The films formed from the electropolymeriza tion of 
compounds 1 to 9 had low conductivities (a(1): 8 X 10- 6 
S cm- 1) and showed no redox behaviour. The films 
could be removed by abrasion, but were insoluble in 
the usual organic solvents, e.g. acetone, ethanol, dich­
Joromethane, THF and toluene. All the films electro­
deposited on ITO glass grew to a limiting thickness of 
24 1 
(a) 
(b) 
Fig. 1 1 .  (a) SEM of the film obtained from the electropoly­
merization of (£)-3-styrylthiophene (1) on ITO. (b) SEM of 
polythiophene on ITO (film prepared under identical conditions 
as in the electropolymerization of (£)-3-styrylthiophene (1)). 
about 20 JLm. However, there was insufficient material 
to prepare a KBr disc for IR or for solid-state NMR 
spectroscopic studies. 
Topological investigations using an optical microscope 
showed the film grown from 1 to be homogeneous with 
very few defects and an SEM image of a thick film 
obtained from the electropolymerization is shown in 
Fig. l l (a). The polymer was smooth and homogeneous 
compared to polythiophene grown under identical con­
ditions (Fig. 11 (b)) and as reported in the literature 
[37]. 
The porosity of the films was evaluated by examining 
the electrochemical behaviour of ferrocene at the poly­
meric electrode. The classic reversible electrochemical 
behaviour of ferrocene was observed on the polymer 
formed from the electropolymerization (1), although 
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at diminished current density (by a factor of about 
ten), indicating the porous nature of the film, similar 
to that observed for polythiophene and polypyrrole. 
The high porosity of the polymer offers an explanation 
for the deposition of thick layers of poorly conducting 
material. 
Conclusions 
Polymeric films with conductivities in the order of 
10 -6  s cm- 1  were produced by electro-oxidation of a 
variety of 3-styrylthiophene monomers. However, in all 
instances the films grown under the experimental con­
ditions described were found to be redox inactive. This 
may be due to one or a combination of the following. 
Firstly, the alkene spacer linkage appears to be electro­
oxidized and the absence of any corresponding reduction 
peaks, even at high sweep rates (1000 m V s - 1) ,  suggests 
that a rapid chemical step follows the electron transfer 
reaction. Radicals are capable of reacting very rapidly 
with molecules containing an alkene double bond and 
this intermolecular reaction is known to involve a small 
activation barrier of about 20 kJ mol - 1  [38]. When the 
double bond and the radical are part of the same 
molecule, cyclization reactions have been reported [39, 
40]. Secondly, the conjugation in the styrylthiophenes 
may be such that the highly stabilized radical cations 
diffuse into the bulk electrolyte and therefore do not 
adequately participate in the interfacial electropoly­
merization reaction. These cations are stabilized by 
delocalization with the styryl group and any electron­
donating group, e .g. amino, located at the para-position 
of the phenyl ring h as the effect of further extending 
the degree of conjugation and, hence, increasing the 
stability of the resultant radical cation. Similar results 
observed elsewhere [ 41] were attributed to such sta­
bilized species, dimers or to short chain oligomers. 
Nevertheless, polymeric films were formed on the 
electrode surface suggesting that electro-oxidation of 
the double bond and electropolymerization reactions 
via both the alkene linkage and thiophene rings are 
occurring. The smooth nature of the styrylthiophene 
polymers is indicative of polymerization through the 
alkene linkage (e.g. the polymerization of styrene) to 
produce a dense crosslinked polymeric matrix which 
may prevent anion migration, hence accounting for the 
absence of redox behaviour. 
Problems associated with the electropolymerization 
of thiophene bearing an alkene function in the side 
chain have been reported [42], where it was found that 
electropolymerization was successful for monomers 
bearing acrylic double bonds, but not allylic or benzylic 
double bonds. In the cases where electron-inactive 
species were formed, a conductive phase could be 
produced during the early stages of growth, but the 
surface rapidly became blocked by an insulating layer. 
Continuing investigations into these polymers include 
XPS, Ff-IR, SPM and molecular modelling studies to 
evaluate the relative contributions of the alkene spacer 
linkage and the aromatic ring to the electropolymer­
ization reaction. 
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The intrinsically conducting polymer, polythiophene, contains primarily a.,a.' -linkages, although some a.,W­
and �.13'- linkages are known to occur. In the current study, the electrochemical behaviour of 2,5-
dimethylthiophene, a thiophene compound bearing methyl groups at both the a.-positions normally required 
for monomer coupling, is investigated. A thick black film was electrodeposited on the anode surface as a 
result of electrochemical polymerisation. XPS studies showed that the polymer was doped, with a ratio of 3.9 
monomer units to each dopant anion. The film was redox inactive with a conductivity of 10-6 S cm-1• The low 
conductivity was attributed to limited conjugation of 7t-electrons along the polymer backbone due to steric 
effects and presence of the �.W-linkages. Oligomeric solution species of up to five monomer units, formed 
during electropolymerisation, were characterised by mass spectrometry. 
Keywords: Conducting polymers, poly(2,5-dimethylthiophene), 2,5-dimethylthiophene and oligomers. 
INTRODUCTION 
Conducting polymers have received much attention as 
electronic materials since the first report of the 
electrochemical polymerisation of polypyrrole as a free 
standing film some fifteen years ago [ 1 ) _  The 
advantages of these synthetic metals are the 
combination of high conductivities of pure metals with 
the processibility, corrosion resistance and low density 
of polymers [2]. 
Conductivity in these electroactive materials has been 
explained using various models, such as delocalisation 
along the extensive 7t-system, variable range hopping, 
including both electron transfer along and between 
polymer chains, and electron transfer between polymer 
grains, which is affected by the morphology of the 
polymer [3]-
Of particular interest in the current work is the 
relationship between conductivity and the 
delocalisation of 7t-electrons along polymer strands. 
Poly(3-methylthiophene) has found to be more 
conducting than polythiophene prepared under 
identical conditions, 450-5 1 0  S cm·' and 270 S cm·', 
respectively [4], and this has been explained in terms of 
steric effects. Polythiophene is coupled mainly through 
the a.-positions of the constituent thiophene rings 
which allow delocalisation along the polythiophene 
backbone_ However, there are a significant number of 
* Author to whom correspondence should be addressed_ 
a.,p'- and �.pt-linkages present which are thought to 
disrupt the delocalisation of the 7t-systems and lower 
the mean conjugation length. If one of the �-positions 
is blocked by a small substituent, e.g. a methyl group as 
in the case of poly(3-methylthiophene), the polymer 
backbone will contain less of these a.,pt- and �.P'­
Iinkages, accounting for the substantial enhancement in 
conductivity observed. 
It might be argued that the introduction of a second 
methyl group at the remaining �-position may result in 
a polymer with even higher conductivity. However, a 
polymer of low conductivity (cr: 10-50 S cm-1) results 
[5]_  This has been attributed to steric hindrance 
between neighbouring methyl groups which disrupts 
the planarity of the 7t-system, thus reducing the 
conductivity. 
Many electroactive polymers, such as poly(3-
alkylthiophenes) [6-8] and poly(3-alkoxythiophenes) 
[9, 10], have been chemically or electrochemically 
prepared from 3-substituted thiophenes to investigate 
the effect of substituents on conductivity and solubility. 
However, very few reports concerning the 
electrochemical polymerisation of 2-substituted 
thiophenes exist [ 1 1 ) _  This is understandable, since 
substituents in the 2-position block the a.-positions of 
the thiophene ring normally required for monomer 
coupling_ However, the electrochemical behaviour of 
some 2-substituted pyrroles, including 2,5-
dimethylpyrrole, has been reported, although only 
soluble �.P'-Iinked dimers were produced, which were 
uncharacterised, and no polymeric films were 
electrodeposited [ 1 2, 1 3].  
Lloyd PL3 XYt recorder. Charge passed during the 
experiments was measured with a Hi-Tek integrator. 
In the current work, the electrochemical behaviour of 
2,5-dimethylthiophene and the properties of the 
resultant polymer are described. This monomer was 
chosen since it provides an interesting example in 
which both a-positions, required for coupling and high 
conductivity, are blocked by the substituent methyl 
groups.  Therefore, polymerisation of 2,5-
dimethylthiophene should only occur through the P­
positions of the thiophene ring, as shown in Fig. 1. 
Various potentiodynamic and galvanostatic techniques 
were used to study the electrochemical behaviour of 
2,5-dimethylthiophene. In cyclic voltammetry 
experiments, the monomer/acetonitrile solution with 
LiC104 or TBABF4 (0. 1 mol dm-3) as supporting 
electrolytes, was cycled, typically from 0 to about 2 V. 
Films were grown from the same electrolyte 
compositions under constant current conditions, by 
passing currents in the range 0.2 to 20 mA cm·2 for 
between 1 0  min and Sh. Potentiodynamic experiments 
were performed by pulsing the systems at a variety of 
potentials (Ei = 0;  Er = 200-5000 m V) and studying the 
resultant chronoamperogram. 
Fig. 1: Proposed idealised structure of 
poly( 2, 5-dimethylthiophene ). 
EXPERIMENTAL 
Reagents 
Acetonitrile (HPLC grade, Aldrich) was distilled from 
Pz05 and stored over alumina (Woelm N-Super 1 ) .  
Tetrabutylammonium tetrafluoroborate, TBABF4, 
(puriss, Fluka), lithium perchlorate (ACS grade, BDH), 
silver nitrate (AR grade, Aldrich), thiophene (Gold 
Label 99.9+%, Aldrich) and 2,5-dimethylthiophene 
(AR grade, Aldrich) were used as received. Pyrrole 
(AR grade, Aldrich) was redistilled immediately prior 
to use and stored under nitrogen at 253 K. 
Electrochemical studies 
Electrochemical studies were performed in a three­
compartment divided cell. A platinum disc (area 0.385 
cm2) or ITO glass (Balzers High Vacuum Ltd., Milton 
Keynes, UK) were used as working electrodes. 
Platinum was polished prior to use with an alumina 
(0.3 11m) slurry. Platinum gauze was used as the 
counter electrode. 
Potentials were measured against an Ag/AgN03 
reference electrode, consisting of a silver wire 
immersed in a solution of acetonitrile containing silver 
nitrate (0.0 1  mol dm-3) and TBABF4 (0. 1 mol dm-3).  
This solution was separated from the surrounding 
electrolyte by a glass frit .  All solutions were freshly 
prepared and degassed with nitrogen for 1 5  min prior 
to each experiment. 
A Hi-Tek DT 2 1 0 1  Potentiostat coupled to a Hi-Tek 
PPR I Wave Form Generator was used to generate the 
electrochemical signals. Output was recorded on a 
Film redox behaviour was evaluated by removing the 
film/electrode from the cell, followed by extensive 
rinsing with acetonitrile and cycling in a LiC104 (0. 1 
mol dm-3)/acetonitrile electrolyte. 
Film characterisation 
Films were grown on ITO glass by cycling the potential 
between 0 and 2 1 00 m V at a sweep rate of 50 m V s·1 i n  
a solution of 2,5-dimethylthiophene (0. 1 mol dm-3) in 
acetonitrile with LiC104 (0. 1 mol dm-3) as the 
supporting electrolyte. A total of 8 .5  cycles were 
performed, with termination of the final cycle at 2 1 00 
m V ensuring that the resultant film was fully doped. 
S upporting electrolyte was removed from film surfaces 
by extensive rinsing with acetonitrile followed by 
drying under nitrogen. Polypyrrole and polythiophene 
films on ITO glass were prepared in a similar manner. 
The topography of the films was examined using a 
JEOL JSM-35C scanning electron microscope (SEM). 
The film was gold sputtered for SEM observation and 
film measurements were made by viewing a cross­
section of the film/substrate. 
X-Ray Photoelectron Spectroscopy (XPS) studies were 
performed using a VG Scientific ESCALAB Mk. 11 
instrument. Lineshape analysis was performed on each 
peak in an attempt to resolve the broad signals. 
Binding energies were adjusted so that the main C(ls) 
peak occurred at 285 .00 eV and atomic percentages 
were calculated from the peak areas using standard 
atomic sensitivity factors [ 14].  The atomic percentage 
for the Cl signal was calculated by overlapping the 
CI(2p31z) and CI(2pu2) peak areas, although binding 
energies refer to the Cl(2p312) peak. XPS and SEM 
studies of polypyrrole and polythiophene were carried 
out for reference purposes. 
Conductivity measurements were performed by 
applying a known current through the film thickness 
and measuring the resulting potential across the film. 
In these experiments, a mercury drop of known area 
was used as a contact to the film surface. 
Electrolyte analysis 
Analysis of stable radical cationic species was carried 
out by removal of a small sample (approx. I cm3) of the 
anolyte solution at 1 800 mV during 
electropolymerisation. The mass spectrum of the 
aliquot was immediately recorded using a JEOL JMS­
DX 303 spectrometer operating at an ionisation 
potential of 70 eV. 
Molecular modelling studies 
Density Functional Theory (DFT) calculations were 
performed using the program DMol® (Version 2.3.5) 
[ 15 , 16] on a Silicon Graphics Indigo II® workstation. 
A double numeric basis set with polarisation functions 
(DNP) was used incorporating a total of 4282 points in 
the numerical integration procedure. In order to keep 
computational time to a minimum, no geometry 
optimisations were performed in the DFT calculations 
and the atomic positions were held fixed at positions 
determined by a molecular mechanics approach using 
the CVFF forcefield in the program Discover® [ 1 7) .  
Calculations of 1t-bond orders of a,a'-bithiophene and 
B$-bithiophene were obtained using Htickel molecular 
orbital calculations from the software program HuckeJ® 
(Quantum Chemistry Program Exchange, QCPE, 
number 1 32) on an Apple  Mackintosh®. 
RESULTS AND DISCUSSION 
Electrochemical polymerisation of 
2,5-dimethylthiophene 
The electrochemical behaviour of 2,5-
dimethylthiophene is shown in Fig. 2. As the potential 
was swept in an anodic direction, the onset of a broad 
oxidation wave was observed at 1050 mV. At this 
potential, a stream of intensely orange/brown coloured 
species was observed diffusing away from the electrode 
surface which resulted in a permanent colour change of 
the electrolyte solution after a few cycles. The 
formation of such streaming coloured species has been 
observed in many other studies and has been attributed 
to stabilised radical cations or short chain oligomers 
[3] . In the present case, as expected, the electron­
donating methyl substituents produce a decrease in 
monomer oxidation potential [ 1 8, 19) and a stabilisation 
of the corresponding radical cations which are then 
able to diffuse away from the electrode surface to form 
soluble oligomers. 
On the fourth sweep, a current cross-over in the cyclic 
voltammogram, characteristic of a nucleation process, 
was observed. However, with repeated cycling, the 
peak currents decreased. When the electrode was 
removed from the electrolyte and rinsed in acetonitrile, 
a thick purple/black deposit was observed on the 
electrode surface, but no redox behaviour was 
exhibited, in contrast to polypyrrole and polythiophene. 
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Fig. 2: Cyclic voltammogram of 
2,5-dimethylthiophene. 
WE: Pt disc (area: 0.385 cm2); monomer cone.: 0. 1 0  
mol dm-3; u = 50 m V s·1; electrolyte: 0. 1 mol dm-3 
TBABF ;acetonitrile: first scan ( __ ),· 
second scan (- - - - -); third scan (-.-.-. -); 
fourth scan ( . . . . . .  ) 
Similar electrochemical behaviour was seen on both 
ITO glass and Pt electrodes, but smoother and more 
adherent films could be grown on the latter surface. 
This correlates with the substrate dependent 
electrodeposition of polypyrrole and polythiophene 
where growth on Pt is reported to be more favourable 
than on ITO glass by a factor of about ten [20). This is 
probably a result of the catalytic properties of Pt which 
generate many nucleation sites for polymer initiation 
resulting in a finer grain size with improved growth 
characteristics. 
Irrespective of substrate, a film conductivity of I o-6 S 
cm-1 was measured. No enhancement in conductivity 
was observed when the film was placed in an 
atmosphere of iodine for 24 h. The films could be 
removed by abrasion, but were insoluble in the usual 
organic solvents, e.g. acetone, ethanol, 
dichloromethane, THF and toluene. Figs. 3(a) and (b) 
show SEM images of the polymer on ITO glass. A 
nodular-like topology, which closely resembled that of 
polythiophene (Fig. 4) and polypyrrole (Fig. 5), was 
observed. 
X-ray photoelectron spectroscopy studies 
Peaks for carbon, chlorine, oxygen and sulphur (and 
nitrogen in the case of polypyrrole) were all observed in 
the XPS spectra of polythiophene, polypyrrole (for 
reference) and poly(2,5-dimethylthiophene). The 
binding energies for these peaks together with atomic 
percentages are summarised in Table I. The values for 
polythiophene and polypyrrole are in agreement with 
those reported in the l iterature [2 1 ) .  
Lineshape analysis was unsuccessful in resolving the 
broad C(l s) peak due to the presence of satellite shake­
up peaks. Consequently, the results from XPS studies 
are mainly restricted to a discussion of broad signal 
ratios. 
The degree of doping was calculated from the ratio of 
the atomic percentages of the S(2p) peak, or N(l s) in  
the case of  polypyrrole, to that of the CI(2p) peak. The 
latter occurs in the range of 207.85 to 208 . 15  eV and is 
typical of the perchlorate anion [22]. The degree of 
doping for polypyrrole, polythiophene and poly(2,5-
dimethylthiophene) was thus calculated to be 3 . 1 ,  3.3 
and 3.9 monomer units per dopant anion, respectively. 
The degree of doping in polypyrrole of 3 . 1  is in close 
agreement with the literature ratios of 2. 70 to 3 . 1 2, 
determined using XPS [21 ]  and also to the ratio of 
3 .03, found by chemical analysis [23]. 
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Figs. J(a) and (b): SEM images of the film obtained 
from the electropolymerisation of 2,5-
dimethylthiophene under potentiodynamic conditions 
on /TO glass. The nodular-like appearance of the film 
is very similar to that of polythiophene and 
poly py rro le. 
1 0.0 !lm 
Fig. 4: An SEM of polythiophene obtained under 
potentiodynamic conditions on /TO glass. 
1 0.0 !lm 
Fig. 5: An SEM of polypyrrole obtained under 
potentiodynamic conditions on /TO glass. 
O(l s) signals were observed in the XPS spectra of each 
polymer. The O(l s) peak at lower binding energy, i .e. 
532.80, 533 . 15  and 532.75 eV for polypyrrole, 
polythiophene and poly(2,5-dimethylthiophene) 
respectively, correspond to the oxygen in the dopant 
perchlorate anion, in agreement with the value of 
532.50 eV for tetrabutylammonium perchlorate doped 
polypyrrole [21 ] .  However, the ratios of the lower 
binding energy O( l s) peak to the Cl(2p) peaks in all 
three polymers give values higher than can be 
accounted for by oxygen from the perchlorate anion 
alone. This, together with the existence of other higher 
binding energy 0(1s) signals in many of the polymers, 
suggest that other oxygen species, for example, 
covalent C-0 or C=O bonds, are present in all the 
polymer films. Such carbonyl species have also been 
reported for polypyrrole films, and their occurrence is 
thought to be due to reactions between monomer 
radical cations with oxygen or water during 
electropolymerisation [24]. 
Table I: XPS data of polypyrrole, polythiophene and poly(2,5-dimethylthiophene) films doped with lithium 
perchlorate. 
Polypyrrole Polythiophene Poly(2,5-
dimethylthiophene) 
Signal BE (eV) Atom % BE (eV) Atom % BE (eV) Atom % 
S(2p) 1 63.95 1 0.3 164. 1 5  6.7 
Cl(2p) 207.85 3.4 208.00 3 . 1  208. 15  1 .7 
C( l s) 284. 1 5  1 3 .9 
C(l s) 285.00 25.6 285.00 47.2 285.00 38.8 
C( l s) 286.20 1 7.5 285.95 1 0.6 285.70 32.4 
C( l s) 288.45 5.7 287.30 5.9 287.75 3.8 
C( l s) 291 .75 0.9 288.95 1 .9 
N( l s) 400.30 4.7 
N( l s) 401 . 1 0  4.2  
N( l s) 403.30 1 .8 
O( l s) 532.80 1 9.9 
O( l s) 534.85 2.3 
532. 1 0  
533 . 1 5  
6.2 
14.8 
532.75 
534.00 
9.9 
6.7 
Molecular modelling studies 
DFT calculations of heterocyclic radical cations have 
shown strong correlations between the distribution of 1t­
spin density in  the monomeric radical cations and the 
site of electrochemical polymerisation [25,26]. A more 
detailed account of the use of DFT calculations for such 
investigations has been presented elsewhere [26]. High 
unpaired 1t-spin densities were observed at the a­
positions of the pyrrole and thiophene radical cations 
(Table ll), consistent with electropolymerisation 
largely via the a.,a.'-linkages. To support the proposed 
coupling positions in poly(2,5-dimethylthiophene), 
DFT calculations were also used to calculate the 1t-spin 
density distribution of the radical cation of 2,5-
dimethylthiophene (Table ll). As expected, higher 
positive 1t-spin densities were observed at the �­
positions (0. 1 07) than at the methyl carbon atoms 
(0.0 1 4), indicating the favourability of �$-linkages as 
the predominant coupling sites in the polymerisation 
reaction. 
Using a molecular mechanics program [ 1 7], 
geometrical optimisations of the tetramers of thiophene 
and 2,5-dimethylthiophene were carried out to evaluate 
the influence of steric interactions on conductivity for 
polythiophene and poly(2,5-dimethylthiophene). These 
showed the tetramer of thiophene to be completely 
planar, whereas the tetramer of 2,5-dimethylthiophene 
was drastically distorted from planarity as a result of 
steric hindrance between neighbouring methyl groups. 
Such a large deviation from planarity would reduce the 
degree of n-orbital overlap, resulting in a shortening of 
the effective mean conjugation length and a reduction 
in conductivity, as is indeed observed. 
A contributory reason for the low conductivity, may 
also be the degree of conjugation through the p,p·­
linkage itself. Hiickel molecular orbital calculations on 
planar dimers of a.,a.'-bithiophene and P.P'-bithiophene 
show that the 1t-bond order of the bridging C-C bond of 
a.,a.'-bithiophene to be 0.43, whereas that for p,po­
bithiophene was 0.35. Therefore, extending these 
investigations to the polymer, the conjugation l ength in  
poly(2,5-dimethylthiophene) would be considerably 
reduced compared to polythiophene, even if the former 
polymer had a planar configuration. 
Oligomer characterisation 
As previously discussed, coloured species streaming 
from the electrode surface were observed during 
electro-oxidation. These are thought to be stable 
radical cations or short chain oligomers [3]. However, 
such species have never been fully characterised, 
although dimers and trimers of 2,5-dimethylthiophene 
have been identified from photolysis in trifluoroacetic 
acid [27]. ESR spectroscopy of the dimer showed a 
strong spectrum consisting of a septet of septets, 
suggesting an unsymmetrical conformation, but these 
species were otherwise uncharacterised. A recent 
report also describes the identification of soluble 
oligomeric species formed during the 
electropolymerisation of aniline using electrochemical 
thermospray mass spectrometry [28]. 
Fig. 6 shows a spectrum of a sample of the anolyte, 
taken when the potential was maintained at 1 800 m V.  
The mass spectrum shows the presence of peaks at 
significantly higher m/z ratios than species readily  
accounted for in the electrolyte, e.g. 2,5-
dimethylthiophene, LiC104 and acetonitrile. These 
peaks may correspond to oligomeric species of 2,5-
dimethylthiophene or breakdown products formed 
during electropolymerisation (Table lll). 
T�ble. 11: Spin density distributions of pyrrole, 
thwphene and 2,5-dimethylthiophene radical cations 
obtained from DFT calculations. 
' 
Radical cation Position Spin 
densities 
P1t 
1 -0.042 
2 0.465 
3 0.092 
4 0.092 
5 0.465 
1 -0.037 
2 0.456 
3 0.098 
4 0.098 
5 0.456 
-0.030 
2 0.350 
3 0. 107 
2 '  ' 1 ' ' 4 0. 107 
5 0.350 
1"  0.014 
2" 0.014 
The highest mass peak observed at m/z 552 is most 
probably the molecular ion (M+) which corresponds to 
the pentamer of 2,5-dimethylthiophene. Peaks were 
also observed at m/z ratios of 222, 332 and 442, 
suggesting a repeat unit of 1 10 m/z units. It is 
reasonable to assume this repeat unit to be the 
monomer, 2,5-dimethylthiophene, minus two protons 
from the P-positions where oligomerisation occurs. 
Peaks corresponding to the loss of methyl groups from 
the oligomeric species were also observed at m/z ratios 
of 207, 3 1 7  and 417 .  These species are more likely to 
have been produced as a result of fragmentation during 
electron impact within the mass spectrometer. The 
concentration of the oligomers was too low for 
confirmation by GCMS. The detection system of the 
mass spectrometer, used to obtain the spectrum shown 
in Fig. 6, was sensing a very low ion count, although 
no peaks corresponding the PFK's used to calibrate the 
instrument were observed in the mass spectrum as 
commonly observed for such measurements. 
It was surprising that such a relatively simple mass 
spectrum was recorded for the anolyte solution, since it 
is now widely accepted that electropolymerisation of 
aromatic compounds is more complicated than simple 
monomer couplings and involves oxygen species and 
impurities from the electrolyte. Most of the species 
observed in  this instance were simple oligomers 
(dimers, trimers, tetramers and pentamers) of 2,5-
dimethylthiophene. 
IIlO 
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Fig. 6: Electron impact mass spectrum of the anolyte 
solution showing oligomers of 2,5-dimethylthiophene. 
CONCLUSIONS 
A thick black polymeric film was produced from the 
anodic electropolymerisation of 2,5-dimethylthiophene. 
The topology of this film was very similar to that of 
polythiophene and polypyrrole formed under similar 
conditions, and was insoluble in all common organic 
solvents. XPS studies showed that the polymer was 
doped with perchlorate anions from the electrolyte and 
the degree of doping was found to be 3.9 monomer 
units per dopant anion, a value very similar to 
polythiophene and polypyrrole. 
The polymer was redox inactive and had a low 
conductivity of 10·6 S cm·' .  This may be due to a severe 
disruption of planarity of the polymer chains as a result 
of steric hindrance between neighbouring methyl 
groups, and/or the nature of the P.P'-linkages 
themselves which restrict the degree of conjugation. 
Oligomeric species formed during the 
e1ectropolymerisation reaction were characterised by 
electron impact mass spectroscopy. Dimers, trimers, 
tetramers and pen tamers of 2,5-dimethylthiophene were 
clearly identified from mass spectral studies of the 
anolyte confirming the formation of stable oligomeric 
species during electropo1ymerisation. 
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Abstract 
A number of (E) -2-styrylthiophenes, exhibiting a range o f  electronic effects, and (£) -2-styrylpyrrole were synthesized and thei r  electro­
chemical behaviour investigated. The fi lms,  produced by anodic electropolymerization, were redox inactive and exhibited conduct ivi ties  o f  
the order of 1 0 - 6  S c m - 1 .  TI1e nature of t h e  fi lms was i n vestigated b y  electrochemical, spectroscopic and microscopic techniques. T h e  l o w  
conductivities exhibited b y  these films m a y  b e  attributed to oxidation of t h e  alkene spacer l inkage resulting i n  a crosslinked polymeric matrix .  
Solid-state NMR, FT-l R  and photoacoustic-IR confirmed the presence of saturated carbon atoms which would inevitably lead to a decrease 
in conjugation length. However, in all cases, stable coherent films were obtained from the electropolymerization reaction and an exceptionally 
smooth film of 20 Jlm in thickness could be grown fro m  (£) -2-styrylpyrrole on !TO glass. 
Keywords: Conducting polymers; Styrylheterocycles; Styrylthiophenes; Polyhctcrocycles; Alkene spaccr linkages 
1. Introduction 
Electrochcmical polymerizat ion studies of  ( E) -3-styryl­
thiophencs have been described in Part I of this series [ 1 ] .  
Anodic ox idation of these heterocycles produced th in  fi lms 
of low conductivity ( 1 0 - 6  S cm - I ) , attributed to a s imulta­
neous oxidation of some of the a lkene l inkages, resul ti ng i n  
the formation of  a dense cross l i nked polymeric matrix .  
In the current work, the synthesis and polymerizat ion ( both 
chemical and elec trochemical ) of ( E) -2-styry lth iophene ( 1 )  
and derivatives possessing a range of  e lectron ic effects, 
(E) -2- ( 4'  -ni trostyry l )  thiophene ( 2 ) ,  (E) -2- ( 4' -amino­
s tyry l )  thiophene ( 3) and ( E) -2-styrylpyrrole ( 4) ( Fig.  I )  
are described. S ignificantly d ifferen t  structures and properties 
to those from the polymerization of ( E) -3-sty rylthiophenes 
might be expected, since one of the a-posit ions on the thio­
phene r ing is unavai lable for monomer coupling. Fig. 2 shows 
probable structures of the polymers formed from ( E) -2-
styrylheterocycles, where the styryl group fom1s an in trinsic 
part of the polymer backbone rather than s imply being a 
pendent moiety. These structures arise from head-to-tai l ,  
* Corresponding author. 
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4 
Fig. l .  ( £) -2-Styrylhetcrocycles synthesized for elcctrochernical investi­
gation. 
head-to-head and tai l- to-ta i l  monomer couplings, although 
other poss ible structures, as a resu l t  of crossl i nking through 
the a lkene spacer l inkage or other coupl ings v ia  the hetero­
cyclic or benzene ring, cannot be d i scounted. 
2. Experimental 
2. 1. Synthesis and characterization of ( E)-2-sf)'J)'l­
t/ziophenes and ( E)-2-styrylpyrrole 
A full description of the Wittig reaction used to synthesize 
the ( £) -2-styrylthiophenes ( 1-3) and ( £) -2-styrylpyrrole 
( 4) is presented elsewhere [ 1 ] .  
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Fig. 2. Proposed idealized structures of the polymer formed from the elcc­
tropolymerization of (£)-2-styrylheterocycles: ( a )  head-to-tail, (b)  head­
to-head and ( c )  tail-to-tail. X represents S or NH. 
2.2. Chemicals 
AR grade ( Aldrich )  chemicals were used for organic syn­
theses, with the exception of sodium, reduced iron powder, 
ammon ium chloride, triphenylphosphine, sodium hydride, 
DMSO and anhydrous iron (III) chloride which were reagent 
grade ( BDH) . 2-Thiophenecarboxaldehyde (AR grade, 
Aldrich) was red ist i l led immediately prior to use (b.p.  1 09-
1 10 aC/4. 8  mmHg ) .  Ether was dried over sodium prior to 
use. Kieselgcl 60 ( Merck) was used for chromatographic 
separat ions .  
2.3.  Organic syntheses 
2.3.1. Diethyl 4-nitrobenzyl phosp/zonate 
A m ixture of 4-n i trobenzyl bromide ( 1 1 .86 g, 55 mmol)  
and triethyl phosphite ( 1 3 .24 g, 80 mrnol) was stirred a t  1 10 
aC for 50 m in  during which t ime copious amounts of ethyl 
bromide dis t i l led off. The reaction mixture was disti lled under 
reduced pressure to give d icthyl 4-ni trobenzyl phosphonate 
as a golden o i l  ( 1 3 .23 g, 88%) ; b.p.  1 82- 1 84 °C/0.9 rnmHg, 
l i t .  1 80-200 °C/2 mrnHg [ 2 ] .  
1 H  NMR (CDC13) o: 1 .25 ( t , CH3, 6H) , 3 .25 (d,  CH2, 2H) , 4 . 1 0  (m ,  CH2, 4H) , 7.50 ( q ,  PhH, 2H) , 8 .20 ( d, PhH, 
2H) ppm. 1 3C NMR (CDCI3 ) o: 1 6.35,  32 .92, 34.93; 62.5, 
1 23.66, 1 30.65 , 1 39.82, 1 46.96 ppm; l i t .  1 6 .6 (CH2) ,  33.7 
C PCH2) , 62.6 (CH2 ) ,  1 23 .8 ,  1 3 1 .6, 1 4 1 .5 (C-CH2) ,  147.3 
( C-N02) ppm ( 3 ] .  
-
2.3. 2. ( E)-2-St)'lylthiophene (I) 
Sodium ( 1 .42  g) was added to ethanol (20 crn3) and the 
solution added to a st irred solution of bcnzyltriphenylphos­
phon ium chloride ( 50.00 g ,  0. 1 15 mol)  in ethanol (50 cm3 ) . 
The mixture immediately turned an i n tense orange colour and 
stirring was continued for 10 min. 2-Thiophenecarboxalde­
hyde ( 1 2.94 g, 0. 1 15 mol) in  ethanol ( 20 cm3) was added 
to the m ixture and stirring was continued for 24 h. The reac­
tion mixture was diluted with petroleum ether, the so l id  col­
lected and purified by column chromatography using CHC13 
as the eluent. Evaporation of the solvent  and a smal l  addit ion 
of ether gave 1 as fine white needles ( 1 2.37 g, 58%) ; m.p. 
1 06- 1 08 °C, l i t . l 1 1  ac [ 3 ] .  
Compound 1 .  IR (Nujol ) :  3 1 00 ( vC-H unsat . ) ,  3060 
( vC-H unsat. ) ,  3030 ( vC-H unsat . ) ,  968 ( y=CH (£) ) , 
820 ( yC-H) , 760 ( yC-H) ,  7 1 8  ( yC-H) , 700 ( yC-H) 
ern - 1 ;  l i t .  948 ( y=CH (£) ) cm - t  [ 4 ,5 ] .  1H N?v1R ( CDCI3)  
o :  6.93 (d ,  1 6. 1 2  Hz,  ,B-ethenyl-H, I H) ,  7 .00 ( dd ,  3 .48 ,  4.94 
Hz, 4-th ienyl-H, I H) ,  7.06 (m, 3 . 1 1 Hz, 3-thienyl-H, l H) ,  
7. 1 9  (m,  5-thienyl-H, l H ) ,  7 .25 (m,  a-ethenyl-H and 4 ' ­
PhH, 2H) , 7.34 (m, 3 '-PhH, 2H) , 7.46 (m,  7 . 33  Hz,  3 ' -PhH, 
2H) pp m;  l i t. 6.88 ( d, f3-ethenyl-H, 1 H ) ,  6.90-7.50 ( m ,  A rH, 
9H) ppm [ 6 ] .  13C NMR ( CDC13) o: 1 2 1 .74 ( a-ethenyi-C) ,  
1 24.32 (5-thienyi-C) ,  1 26. 1 0  ( 3-thienyi-C) , 1 26 .27 (2 ' ­
PhC) ,  1 27.58 ( 4-thienyl-C and 4 '-PhC ) , 1 28 .28 
(,B-ethenyl-C) , 1 28 .67 ( 3 '-PhC) , 1 36.90 ( 1 '-PhC ) ,  1 42.85 
(2'- thieny1-C) ppm. MS (mlz) : 5 1 ,  63, 77, 92, 1 02,  1 1 5 ,  
1 28 ,  1 4 1 ,  1 53, 1 7 1 ,  1 86 ( M + ) .  
2.3.3. ( E)-2-(4' -Nitrostyryl)thiophene (2) 
Butyl  l ithium ( 10 mol dm - J  i n  hexane, 2 .2  cm3;  approx. 
! O equiv.) was injected into dry hexane (5 cm3) whi le s tirring 
under a nitrogen atmosphere. D iethy1 4-ni trobenzy l  phos­
phonate ( 5 .90 g, 22 mmol) in dry ether ( 22 cm3) was added 
dropwise over a period of 30 min under ni trogen .  A fine,  
sl ightly soluble red precipitate was fonned and s t i rr ing was 
continued for 15 min .  2-Thiophenecarboxaldehyde (2 .42 g, 
22 mmol )  in ether (22 cm3) was added in one port ion .  During 
the subsequent 15 min the colour of  the reaction mixture 
changed from red to brown . The mixture was s t i rred for a 
further hour and poured i nto water ( 300 cm3) . A l arge 
amount  of brown solid precipitated and the ether layer was 
separated off. The precipitate was filtered, washed with water 
(2 X 200 cm3) and recrystal l ized from ethanol to yield a 
br�wn microcrystail ine solid ( 1 . 1 7  g, 24% ) ;  m.p .  1 7 1 - 1 73 
°C; l i t . 174 °C [ 7 ] . 
Compound 2. IR ( Nujol ) : 1 6 1 0, 1 598,  1 5 1 0, 1 360, 930 
crn - 1 ;  l it . 1 630 ( vC=C ) ,  1 598 ( J!C=C ) ,  1 520 ( 1'N02 
asym . ) ,  1 320 ( vN02 sym . ) ,  950 ( y=CH (£) )  c m - 1  [ 7 ] . 
1 H  NMR (CDCI3 ) o: 6.95 (d,  1 6. 1 2  Hz, etheny l -H, ! H ) ,  
7.05 ( dd, 3 .66, 5 . 1 3  Hz, 4- th ienyi-H, 1 H ) ,  7 . 1 8  ( d ,  3 .48 Hz, 
3-th ienyi-H, ! H ) ,  7 .30 (d, 5 . 1 3  Hz, 5-thienyl-H, I H ) ,  7.40 
(d,  1 6. 1 2  Hz, ethenyl-H, I H ) ,  7 .58 (m, 8 .79 Hz, PhH, 2H) ,  
8.20 (m,  8.97 Hz, PhH, 2H) ppm. 1 3C NMR (CDC13) o: 
1 24 . 1 2, 1 25.52, 1 26.23, 1 26.58, 1 27.96, ! 28. 19 ,  1 4 1 .63, 
1 43 .59, 1 46.50 ppm. MS (m/z) : 1 8, 28 ,  45, 63,  79, 92, 1 1 5 ,  
1 4 1 ,  1 52, 1 7 1 ,  1 84, 20 1 , 23 1  ( M + ) .  
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2 .3.4. ( E)-2-( 4 '  -Aminostyryl)thiophene (3) 
A mixture of 2 ( 0.50 g, 2. 1 6  mmol) , reduced iron powder 
( 0.4 1 g, 7 .22 mmol) , ammonium chloride (0.29 g) ,  ethanol 
( 1 0.5 cm3) and water ( 0.5 cm3 )  was stirred under reflux for 
20 h. The mixture was filtered whilst hot and the filterpad 
washed repeatedly with hot ethanol. The filtrate was collected 
and evaporated to dryness to yield an orange residue. TLC 
(petroleum ether 60-80:ethyl acetate 1 : 1  vol ./vol .)  con­
fim1ed that the reaction had mostly gone to completion. The 
orange solid was washed repeatedly with petroleum ether 40-
60:ethyl acetate 9 : 1 vol . /  vol. to remove any residual nitro 
compound, confirmation of which was made by NMR. The 
precipitate was dried in vacuo to yield 3 as yellow needles 
( 0.48 g, 93% ) ;  m.p. 1 27 °C; lit. 1 28-1 29 °C [ 7 ] .  
Compound 3 .  I R  ( Nujol ) :  3400 ( vN-H asym. ) ,  3 1 50 
( vN-H sym. ) ,  1 600 ( yN-H ) ,  I 380 ( vC-N) cm - 1 • MS (m/ 
z) : 28, 36, 57, 78,  92, I OO, 1 1 5, I 39, I56, 1 67, 1 84, 20 1 
( M + ) .  
2.3.5. (E)-2-Styrylpyrrole (4) 
Benzyltriphenylphosphonium chloride ( 8.56 g, 22 mmol) 
was added to a solution of sodium hydride (0.53 g, 22 mmol) 
in  toluene (50 cm3) and the mixture stirred at 1 5  oc for 30 
min.  2-Pyrrolecarboxaldehyde ( 1 .90 g, 20 mmol) was added 
to the mixture and heated under reflux for 3 h. The solvent 
was removed in vacuo and the solid collected and purified by 
column chromatography using dichloromethane:petroleum 
ether 60-80 2: 1 vol . /  vol. as the eluent. Evaporation of the 
solvent gave 4 as fine purple needles ( 1 .2 I  g, 36% ) ;  m.p. 
1 40 °C; lit. 1 40-1 42 oc [ 8 ] .  
Compound 4 .  IR ( Nujol ) :  3420 ( vN-H) ,  1097, 1080, 
I 040, 960 ( r=CH ( E) ) , 885 ( r=CH (E) ) ,  800 ( r=CH 
(E) ) ,  730 ( yC-H) ,  700 ( yC-H) cm- 1 ; lit. 3490, I097, 
1 092, I032, 950, 88 1 cm- 1  [ 8 ] .  1H NMR (CDC13) o: 6.25 
( dd, 4-pyrryl-H, 1 H ) ,  6.35 ( m, 3-pyrryl-H, lH) , 6.65 (d ,  
1 6.5  Hz, j3-ethenyi-H, 1H) ,  6. 80 (dd, 5-pyrryl-H, I H) ,  6.97 
(d, 1 6.5 Hz, a-ethenyl-H, l H ) ,  7 .23 (m, 4 '-PhH, l H ) ,  7.32 
( m, 3 ' -PhH, 2H) , 7.43 ( m, 2'-PhH, 2H) ,  8.3 1 (s ,  NH, 1 H )  
ppm; lit. 6.60 ( d, 1 6.9 Hz, ethenyl-H, lH) , 6.90 (d, 16.9 Hz, 
ethenyl-H, 1 H )  ppm [ 9 ] .  1 3C NMR (CDCI3) 8:  109 . 1 5, 
1 10.00, 1 1 8 .94, 1 1 9. 1 4, 123.33,  1 25.82, 126.94, 1 28.37, 
1 28.66, 1 30.75, 1 37.45 ppm. MS ( m/z) : 5 1 ,  63, 67, 77, 83, 
1 1 5, 1 4 1 ,  1 54, I 69 ( M + ) .  
2. 4. Chemical polymerization of ( E)-2-styrylthiophene (I) 
A solution of ( E) -2-styrylthiophene ( 1, 1 .00 g) in dich­
loromethane (50 cm3 ) was added to a stirred solution of 
FeCl3 ( 1 .00 g) in dichloromethane ( 50 cm3) under nitrogen .  
The mixture was stirred under a nitrogen atmosphere for 26  
h ,  after which time a mass of black solid had precipitated. 
The reaction mixture was washed with water (2 X 1 00 cm3 ) 
to remove excess FeCl3 and dried in vacuo. The residue was 
washed with dichloromethane (2 X 50 cm3 )  to remove sol­
uble organic material and dried in vacuo to yield a black solid 
gritty powder (0.78 g) . 
2.5. Electrochemical studies 
The potentiodynamic and galvanostatic techniques used to 
study the electrochemical behaviour of the ( E) -2-styrylhet­
erocycles, together with the instrumentation and general elec­
trochemical procedures are presented elsewhere [ I ] .  All 
potentials were measured against an Ag/ AgN03 reference 
electrode, which consisted of a silver wire immersed in a 
solution of acetonitrile containing silver nitrate ( 0. 0 1  mol 
dm - 3) and TBABF4 (0. 1 mol dm - 3 ) .  This solution was 
separated from the surrounding electrolyte by a glass frit. 
As in previous studies, Pt and indium-tin oxide coated 
glass ( ITO) ( thickness l OO nm, resistivity less than 20 !1 
cm - 2, Balzers High Vacuum Ltd., Milton Keynes, UK) were 
used for the investigation of the substrate effects on the elec­
tropolymerization reaction and resultant polymer properties. 
TBABF4 or LiCl04 (0. 1 mol d m - 3 )  was used as supporting 
electrolyte. Polymer redox behaviour was evaluated by 
cycling in acetonitrile/TBABF4 ( O. I mol dm- 3 ) .  
2. 6. Film characterization 
Thin films were grown on ITO glass by potential cycling 
between 0 and 2IOO mV at a sweep rate of 5 mV s - 1  in a 
solution of the monomer (0.005 mol dm- 3 )  in acetonitrile 
containing LiCl04 (0. 1 mol dm -3) .  A total of 1 . 5  cycles was 
carried out, with termination of the final cycle at 2 !00 m V to 
ensure full doping of the film. The nucleation and growth 
behaviour of the polymers was investigated by apply�ng a 
pulse from 0 to 2 1 00 mV for a known time interval and 
measuring the charge passed. Adsorbed supporting electro­
lyte was removed by extensive rinsing with acetonitrile and 
the films dried with nitrogen. 
The samples were examined under a Vickers M4 1 Photo­
plan optical microscope and a JEOL JSM-35C scanning elec­
tron microscope. Films were gold sputtered for scanning 
electron microscopy (SEM) observation and film thickness 
measurements made by viewing a cross section of the film/ 
substrate interface. Topological studies of polymers were also 
performed using atomic force microscopy ( AFM, Topome­
trix TMX 2000 scanning probe microscope, J.K. Instruments, 
Saffron Waldon) .  Images were obtained in the constant force 
(contact) mode under ambient conditions. Standard profile 
silicon nitride tips were used and images were recorded on a 
display with a digital scan of 400 lines per picture. Optimal 
imaging parameters were obtained using a scan range of7000 
nm, a scan rate of 50 000 nm s - I  and a constant force of 0.04 
nN. Image bow and vibration effects were reduced by digital 
filtration. 
Conductivity measurements of the electrochemically 
deposited films were carried out as described previously [ I ] .  
Electrical conductivities of chemically prepared polymers 
were measured on pressed pellets ( 5 tons) using the four­
point-probe technique under d.c. conditions. 
X-ray photoelectron spectroscopy (XPS ) studies were 
obtained using a VG Scientific ESCALAB Mk. II instrument. 
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Fig. 3. (£) -3-Styrylthiophenes (5 and 6) used to synthesize polymers for 
X PS characterization of poly( (£) -3 -styryl thiophenes) .  
Lineshape analysis was performed on each peak i n  a n  attempt 
to resolve the broad signals. AI Ka radiation ( 1 486.7 eV) 
was used as the X-ray source. B inding energies were adjusted 
so that the main C( I s )  peak occurred at 285.00 eV and atomic 
percentages were calculated from the peak areas using stan­
dard atomic sens i t ivi ty factors [ I  0 ] .  The atomic percentage 
for the Cl signal was calculated by overlapping the 
Cl ( 2p312)  and Cl ( 2p 1 12) peak areas, although binding ener­
gies refer to the C l  ( 2p312)  peak. For comparative purposes, 
XPS studies of polypyrrole and polythiophene, as well as the 
polymers formed from the electropolymerization of (£)-3-
styrylthiophene (5)  and (£,£) -3-(4 '-phenyl- 1 ' ,3 '-buta­
dienyl ) thiophene ( 6) (Fig. 3 )  were carried out.  
Ff-IR spectra of electrochemically formed films and 
chemically synthesized polymers were recorded on a Nicolet 
Impact 400 spectrometer with an analytical plan IR m icro­
scope. Electrodeposi ted films were mechanically removed 
from ITO s ubstrates prior to analysis and a l l  polymers were 
analysed on barium fluoride d iscs us ing a liquid n i trogen­
cooled mercury-cadmium-tel lurium ( MCT) detector. Pho­
toacoustic-IR spectra were obtained in a s imi lar manner us ing 
a Nicolet Mayne 550 spectrometer. 
1 3C cross-polarization magic angle spinn ing ( CPMAS) 
NMR spectra were recorded using a Varian VXR-300 spec­
trometcr and a 7 mm Doty Scient ific MAS probe (and zir­
conia rotor ) ,  operating at 75.43 1 MHz. A cross-polarization  
experimen t  was performed and high-power proton decou-
Table I 
Summary of electrochcmical data of (£) -2-styrylhetcrocycles 
Monomer Er, 
pling was used during acqu isition. The spectra were recorded 
using a sample spin rate of  4.5 kHz, a relaxat ion de lay of 1 s 
and a contact time of 0.5 ms for 2400 repet i t ions .  A proton 
coupling dephasing experiment was performed wi th  a 40 J.LS 
dephasing delay. 
3. Resul ts and discussion 
3. 1. Electrochemical polymerization 
The e!cctrochemical behaviour of the (£) -2-styrylhetero­
cyclcs is shown in Figs . 4-7, with the data summarized i n  
Table I .  Typically, as exempl i fied by the e lectrochemical 
behaviour of (£) -2-styry lthiophene ( 1 )  ( Fig. 4 ) ,  two c lear 
oxidation peaks were observed on the fi rst scan.  The first 
reaction, occurring at 925 mY, is l ikely to be that  of the 
ox idation of the alkene, as was observed at 1 030 m V for ( E) -
3-styrylthiophenc ( 5 )  [ l ]  and the second a t  1 360 mY, that 
of  the oxidation of the thiophene ring. The respect ive cathodic 
shifts for the 2-substituted derivative ( 1) probably resu l t  
from a n  increased conjugation o f  the double b o n d  w i th  the 
thiophene r ing i tsel f. A poorly defined th ird oxidat ion peak, 
which may be associated with oxidative degradat ion of the 
thiophene ring or the product of the electrochemical react ion ,  
was observed at 1 985 mY, immediately pr ior  to t he  o nset of  
solvent breakdown. Decreased currents for alkene ox idat ion 
were seen on the second and subsequent cycles, w hereas that  
for the thiophene r ing oxidation i ncreased o n  the t h i rd sweep 
with additional peaks seen at 1545 and 1 850 m V. These may 
be due to other polymerization or crossl ink ing react ions  
between dimers or  \rimers and have not  been further a nalysed. 
However, on repeated cycl ing, the curren ts fel l ,  i nd icat ing 
formation of an insulating layer. As with the correspond ing 
(£) -3-styrylthiophenes, n o  reduction peaks were observed, 
jr, Fi l m  appearance Electrosynthetic 
conditions ' ( rnV vs. Ag/ Ag+ ) b ( mA c m - 2) " 
925 0.6 1 thin golden 
1 3 60 0.52 
1 9 85 0.66 
2 1 1 3 0  0.64 th in  golden 
1 590 0.57 
3 280 0. 1 4  t h i n  golden 
640 0. ! 7  
975 0.22 
4 450 0.20 thicker purple 
925 0 . 3 1  
• Electrochemical behaviour observed using a three-compartment divided cel l ,  under n itrogen a t  a Pt electrode; mono mer cone. 0.005 mol  d rn - 3 ;  sweep rate 
S mv s - 1 . 
b Potentials and current densities refer to the first pontential scan. 
c TBABF4 (0. 1 mol d rn - 3) in acetonitrile. 
d LiCI04 ( 0. 1  mol dm - 3 )  in aceton itrile. 
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Fig. 5.  Cyclic voltammogram of ( £) -2- ( 4 '-nitrostyryl) thiophene ( 2) .  WE: 
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on the figure. 
even when the cathodic potential l imit  was extended to  
- 2000 m V.  
As  expected, introduction of  an  electron-donati ng  or  -wi th­
drawing substituent at the para-position of  the benzene  ring  
altered the potential of the alkene oxidation peak. For  exam­
ple, in ( £) -2- (41-ni trostyryl ) thiophene ( 2 ) ,  the potent ia l  
shifted to  a more anodic value of 1 1 30 m V, which may be a 
consequence of the decrease in electron density at the a lkene 
spacer linkage ( Fig. 5) .  Oxidation of the th iophene r ing 
appeared as  a broad irreversible wave at 1 590 m V. On 
cycling, the current density of this peak increased from 0.05 
to 0. 12  mA cm - 2  before eventually fal l ing to zero, ind icat ive 
of a disruption in conjugation and production of an i nsu lat ing 
fi lm. 
Conversely, in  the presence of an amino substituent, easier 
removal of an electron from the more electron-rich spaccr 
l inkage would be predicted which should resu l t  in reduct ion 
of the oxidation potential. Th is was indeed observed for ( £) -
2- ( 41-aminostyryl ) thiophene (3) ,  where alkene o x idat ion 
occurred at 280 m V (Fig. 6 ) .  However, as with the other 2-
and 3-styryl derivatives, no redox active materials were pro­
duced. 
The electrochemical behaviour of (E) -2-styrylpyrrole ( 4 )  
(Fig. 7 )  differed sl ightly from that o f  the ( £) -2-styry lthio­
phenes. The first and second oxidation peaks were centred a t  
450 and 925 m V ,  with a nucleation loop seen at about 2000 
m V. Whilst electro-oxidation ofunsubstituted pyrrol e  occurs 
at 200 m V versus Ag/ Ag + , substitution of the ring is known 
to affect the oxidation potential . Therefore, the peak at 450 
mV was attributed to that of oxidation of the pyrrole r ing.  
1l1is was verified i n  experiments where the potent ia l  was 
cycled between - 500 and + 500 m V. Although n o  redox 
behaviour was observed, the peak current density remained 
0 . 0 7 
0 . 0 6 
N 0 . 0 5 ' E u 
< 0 . 0 4 E 
..... >. .... -� " 0 . 0 3  c 0 Cl 
0 . 0 2 .... c "' .. .. " 0 . 0 1  u 
0 
- 0 . 0 1  
0 2 0 0  4 0 0  6 0 0  8 0 0  1 00 0  1 2 0 0  1 4 0 0  1 G O D  
Po t e n t i a l / m V  vs . Ag /A; 
Fig. 6. Cyclic vol tammogram of ( £) -2-(4 '-aminostyryl) thiophene ( 3 )  
WE: Pt disc ( area: 0.385 cm2 ) ;  mono mer cone.: 0.005 mol drn - 3 ;  v =  5 m Y  
s - 1 ;  electrolyte: 0. 1 mol d m - 3  TBABF4/acetonitrile; scan number i s  ind i ­
cated on the figure. 
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constant .  S ince o n e  of the a-positions of the pyrrole ring is  
blocked by a s tyryl subst i tuent, i t  i s  possible that the oxidation 
reaction is  resu l t ing  i n  fonnation of soluble d imers. This is 
supported by dens i ty functional theory ( DFf) calculations 
of the spin densi ty d istribution in the (E) -2-styrylpyrrole ( 4) 
radical cation [ 1 1 ] ,  which show the unsubsti tuted a-position 
of the pyrrole r ing to possess the highest spin population, and, 
hence, reactivity.  The second process at 925 m V is  that of the 
oxidation of the a lkene spacer l inkage and, although no sig­
n ificant redox behaviour was observed, an  extremely smooth 
purple fi lm which g rew to a l im i ting thickness of 20 Jl.m was 
obtai ned. 
Under constant potential condi tions, decreases in current 
with t ime were observed for all the above monomers, indi­
cating format ion of pass ivating layers, as was observed for 
the ( E) -3-styryl th iophenes. Potentiodynamic growth was 
found  to be h ighly dependent  on the transient conditions, 
with homogeneous films only produced at sweep rates of 5 
mv s - 1 • 
3. 2. Soh·e11t dependence 
Variation of the solvent ( aceton i trile, d ich loromethane, 
ethanol,  propylene carbonate and n i trobenzene) used in the 
electrochemical p olymerization of ( E) -styrylthiophene ( 1 )  
and ( E) -2-styrylpyrrole ( 4)  ( 0.005 mol d m - 3 )  did not alter 
the poten tiodynamic responses. Th i n  golden homogeneous 
fi lms from the elec tropolymerization of 1, and th icker purple 
fi lms  from 4, were only obtained in acetoni trile, dichloro­
m ethane or ethanol-based electrolytes. 
3.3. Effect of supporting electrolyte 
Dopant anions have a marked effect  on the conduct ivi ty 
and redox behaviour of electroact ive polymers. For example, 
for equal degrees of doping, polypyrrole, doped with tetra­
fluoroborate, typically has conduct iv i ties i n  the range of 30-
100 S cm- 1, whereas with a perch lorate anion,  enhanced 
conductivities of 60-200 S cm - 1 can be achieved [ 1 2 ] .  How­
ever, the oxidation potentials and redox characteri s tics of  
( £) -2-styryl thiophene ( 1 )  and ( E) -2-styrylpyrrole ( 4 )  
(0.005 mol dm - 3 )  were not affected b y  t h e  nature o r  con­
centration of a number of support ing electrolytes ( TBABF4, 
TBAPF6, TBACl04, NaCl04 and LiCI04 ) .  
3.4. Substrate dependence 
Film growth of the poly ( ( E) -2-styrylheterocycles) was 
highly dependent on the substrate used. In the case of the 
(E) -2-styrylthiophenes ( 1-3) , th ick ( about 20 J.Lm) brown­
coloured films could be grown on  ITO glass, whereas only 
very thin ( less than 1 f.1.111 ) golden-coloured fi lms were 
obtained on Pt. A s imil ar behaviour was also observed for 
( E) -2-styrylpyrrole ( 4 ) , where a th ick (about 20 J.Lm) purple 
film could be grown on ITO, bu t  on ly  thin patchy films were 
obtained on Pt. 
3.5. Film characteristics and morphology 
Conductivities of  4 X 1 0 - 6, 7  X 1 0 - 6 and 1 X 1 0 - 6 S cm - l  
were observed for the fi lms formed from the electropolymer­
ization of the ( E) -2-styrylthiophenes ( 1 )  and (2) and ( E) -
2-styrylpyrrole ( 4 ) ,  respect ively.  N o  redox behaviour was 
observed for any of these polymers and no enhancement i n  
conductiv i ty occurred when fi l m s  were placed i n  a n  atmos­
phere of iodine for 24 h. The fi lms were fairly adherent ,  but  
could be removed by abrasion and were i nsoluble i n  organ ic 
solvents, such as acetone, ethanol, d ichloromethane, THF and 
toluene. As with the fi lms obtained fro m  the electropolymer­
i zation of the ( E) -3-styrylthiophenes [ 1 ] ,  all the fi lms elec­
trodeposited on ITO g lass  grew to a l imi t ing thickness of 
between 5 and 20 J.Lm. 
Topological i nvestigations us ing SEM showed the film 
grown from ( E) -2-styrylthiophene ( 1 )  to be nodular i n  
appearance (Fig. 8 ( a) ) .  Cracks were observed i n  the film,  
which may be due to expansion processes during film dry ing 
or to unfavourable film growth condit ions.  However, the 
topology of  the fi l m  closely resembled that of polythiophene 
prepared under identical condit ions ( Fig. 8 ( b ) ) .  
In con trast, the fi l m  from elec tropolymerization of ( E) -2-
styrylpyrrole ( 4) was homogeneous and remarkably smooth, 
wi th un ifom1 fi l m  coverage over the length of the electrode 
( about 0.5 cm) . Fig. 9 s hows a cross section of the polymer I 
substrate in terface obtai ned us ing SEM ( the featureless top 
view of this smooth polymer i s  no t  shown ) .  AFM investi­
gations confirmed the smooth fi l m  morphology where, even 
at high resolu tion, the polymer s t i l l  appeared very smooth 
Journ31:  SY!\:\IET (Sn1:hetic Mcwls) 
J.R. Snzith et al. / Syn:hetic Metals 73 ( 1995) I 71-182 1 77 
( a )  
( b )  
Fig. S SEI\1 micrographs o f  (a )  t h e  fi l rn obtained from t h e  electropolyrncr­
izat ion of ( F) -::>-s r;r;. l t hiophcnc ( I )  on !TO. and ( b )  polythiophcne on 
!TO ( fi l m  prepared u nder identical condit ions :1S i n the clcctropolyrneriza­
t ion  of I anrl -l ) 
Fig. 9 SF.\i rnruoguph o f t  he fi l m  c'::Otaincd frorn the ckctropolymcrization 
o f  ( £) -2-s t.l r:- I p :  rrc>l c ( -l )  on I TO. This cross sect ion o f  the fJ I rn shows the 
rc.tnJ..d:Jbly :smc,nth <.!:1d homoge neous qrucwrc. 
( f.' i g .  I 0) . 11 i t h  a regu l a r  m i cronod u l ar appearance with fea­
tu re s  ran g i ng from 2 tu 5 nm in height and 80 nrn in d iameter. 
Dcsritc the d i ffc: t·e nccs in topo logy comrarcd to conven­
t ional c lcctro:K t t  1 c pol_1 mer,, �uch as pol ypyrrolc, the n uclc-
ation/ i n i t ia! growth characteristics appeared very s i m ilar 
[ 1 3 ] .  Films of poly( ( E) -2-styrylpyrrole ( 4 ) ) were obtained  
wi th a charge of I 6.4 rnC cm- 2. With  a lower charge of  4 .0  
mC c m  - 2 , well-spaced nucleation sites/ growth centres could 
be observed on the lTO substrate. After a charge of 9 . 3  mC 
cm - 2, the growth centres had enlarged cons iderably ( Fig .  
I I )  and ,  after a charge of 1 1 . 2  mC c m - 2 ,  had overlapped 
completely to form a smooth homogeneous layer. 
3. 6. Chemical polymerization of ( E)-2-st)'lylthiophene (I) 
Chemical polymerization of ( £) -2-styryl th iophene ( 1 )  
was carried out in order to produce larger amounts of polymer 
for solid-state NMR and IR spectroscopic studies.  
The black gritty powder obtai ned from chemical polym­
erizat ion of ( £) -2-styrylthiophene ( 1 ) was found to be 
totally i nsoluble in acetone, ethanol, DI\1SO, d ichlorome­
thane, THF and toluene. An e lectrical conduct iv i ty of  
2 X 1 0 - 4 S cm- 1 was observed compared to tha t  of  4 X I 0- 6  
S c m - 1 for the electrochemically produced fi l m .  Th i s  
improvement may b e  accounted for b y  the conduct iv i ty meas­
urement techn ique. Exposure of the finely d ivided m aterial  
to iodine vapour at atmospheric pressure for 2 h d id not resu l t  
i n  enhanced conductivity. 
3. 7. Solid-state spectroscopic studies 
3. 7. 1. XPS 
Peaks for carbon, chlorine ( from the dopant perch lorate 
anion) , oxygen and sulfur (and n itrogen in the case of poly­
pyrrol e  and poly-4) were all observed in the XPS spectra o f  
polythiophene, polypyrrole and the polymers obtained fro m  
the electropolyrnerization of the ( £) -2-styrylheterocycles 
( 1-4) and the ( £) -3-styrylthiophenes (5  and 6). The b i nd ing  
energies for these peaks, together w i th  atomic percen tages 
are summarized in Table 2 .  The values for polyth iophene and 
polypyrrole are i n  agreement with those reported i n  the l i t­
erature [ 1 4 ] .  The binding energies of const i tuent n itrogen 
and sulfur atoms i n  poly ( ( £) -2-styrylheteroeycles ) and  
poly ( (£) -3-styrylthiophenes) are almost ide ntical to those 
of polypyrrole and polythiophene, i ndicative of structural 
s imi larities between these polymers. 
Although I ineshape analysis was perfonned on the C( I s ) 
pe ak i n  an attempt to resolve this broad signal ,  satel l i te shake­
up peaks were present which h i nder any usefu l  i n terpretation .  
Consequen tly, the results from XPS studies are main ly 
restricted to a d i scussion of broad s ignal  rat ios .  
The degree of dop ing could readi ly be obtained by calcu­
lating the ratio of the atomic percentages of the S ( 2p )  peak, 
or N ( I s )  in the case of polypyrrole and poly-4, with that of 
the Cl (2p) peak. The lat ter occurs i n  the range of  207.65 to 
208. 1 0  e V and i s  typical of that of the perchlorate anion [ 1 5 ] . 
Table 3 shows the degrees of polymer doping for the ( E) -2 -
styrylheterocycles and ( £) -3 -styrylthiophenes, a s  we l l  a s  
those of  polypyrrole and polythiophene. From th i s  i t  can  be  
seen that a l l  t he  polymers were d oped with perchlorate anions 
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from the el ec trol y te , a l though to a lesser extent  than for po ly­
pyrrole and po ly t h iophenc . For c x :unplc ,  i n  the c a s e  of the 
po l ymer obtained from ( E) -2-s tyry l py rrolc ( 4 ) . one pcr­
c h lorate anion was i ncorporated for every s i x  monomer u n i ts, 
1vhcrcas the degree of doping in polypyrro le of 3 . 1 i s  in c lose 
agreement w i th l i terature ratios of 2.70 to 3 . 1 2  as d e term i ned 
by XPS [ 1 6 ]  and a l s o  to the rat i o  of 3 .03,  determi ned by 
ch e m i cal analysis [ 1 6 ] . 
0 (  I s )  s ign:ds were observed i n  the XPS spectra of a l l  the 
polymers. The 0 (  I s) peak at lower  b i nd i ng e nergy ( typi ­
cal ly ,  5 3 2 . 1 0  to 5 3 3 .05 e V )  corresponds to the oxygen i n  the  
dopant  perch l oratc a n i o n ,  i n  agreem e n t  w i th the ' a lue  of 
5 3 2 .50 eV for tetrabuty lammon i u rn  perc h l orate-dopcJ poly-
Fig. l l .  SE\1 microgrJph sllowing growth c�nt rcs oi �'c'l) ( ( F 1 - : - sl \  rylpyr­
rolc ( � J J fanned d u ring the early stage:; o l  ekcrropoi' ntctv:>l i c'11 on !TO 
The ro[al dnrgcd pass�d d u ring clt.::ctropolvmcnzJtion \\ as 9 ,:: mC cm - :  
The p;,ssagc of J 1 .2 mC c m - '  resu l t e d  i n  c,�mpkrc O\ C t i J p  nf tlcc<c gro\\ l h  
cc n t rt,;S r o  prouucc a smo01h homogt:ncous iiltn.  
pyrro lc [ 1 6 ] .  However, the rat i o  of the lower b ind i ng energy 
0( I s )  peak to the Cl ( 2 p )  peak in all  the po lymers g i ves 
val ues h igher than can be accoun ted for by oxygen i n  the  
perchlorate anion a l o n e .  T h i s ,  together w i th the  existence of 
other h igher binding energy 0 (  ls) s igna ls i n  m any o f  the 
polymers, suggests that other o xygen species,  for example, 
covalent C-0 or C=O bonds , are present i n  al l  the polym er 
fi lms .  Such carbony l spec i es have also been found i n  other 
studies of pol ypyrro le fi lms,  and their occurrence i s  t h ought  
to be clue to react ions  between monomer rad ical cat ions  wi th  
oxygen or water duri n g  el ectropolymerizat ion [ ! 7 ] .  
The N ( l s )  s ignal  observed i n  the spectrum of the p olymer 
of ( £) - 3-styryl th iophene ( 5 )  was a ttri bu ted to i ncorpora t io n 
of the aceton i tri le sol vent ,  probably as a so lva t i o n  sheath 
around the clopant anion, as observed with some polypyrro lc 
f1 1 m s [ l 8 ] .  
3. 7. 2. FT-!R and photoacoustic-!R spectroscopy 
A summ ary of the FT-IR data of the polystyry l heterocycles 
i s  shown i n  Table 4 .  The most  i m portant  feature observed i n  
these spectra is  t h e  presence o f  saturated carbon atom s .  These 
;;pccies would decrease the mean conj ugation l e n g t h  of the 
polymer, caus ing d isrupt ion  in i nter-chain hopp i ng and o ffe r­
ing  a contr ibutory e xp l an at ion for the low cond u c t i v i t ies  
obse rved.  The presence o f  saturated l i nkages m ay be 
ex p la i ned by one or a combi nation of the fo llowing mecha­
n i sms,  which arc shown i n  Fig. 1 2 . Firstly, wh i l e the usual  
rad i c a l -cat i on spin-p airing combi nation reaction , typ ical of 
pyrro le , may s t i l l  occur, the greater stab i l i zation of the styr­
y l hcterocycl i c  rad ical  cat ion may prevent the subsequent aro­
mat ization step, lead i n g  to the fonnation of saturated l i n kages 
by c a t i o n i c  polymerizat ion ( Fig .  1 2 (  a ) ) ,  ini t iated by the 
d i meric cat ion ( 7 ) . This  Lewis acid-type cat ionic po l y mer · -
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Table 2 
S u mmary of XPS data of poly( (£)-2-styrylheterocycles ) ,  poly( (£)-3-styl)•lheterocycles).  polypyrrole and polythiophene • 
S ignal Polypyrrole Polythiophene Poly-1 Poly-4 Poly-S Poly-6 
BE Atom% BE Atom% BE Atom% BE Atom% BE Atom% B E  Acomo/c 
( c V )  (eV) ( eV)  ( eV )  (eV)  (eV) 
S ( 2 p )  1 63.95 1 0.3 1 64.20 5.6 1 6-UO 4 . 8  1 64.20 3 .4 
C l ( 2p )  207.85 3 .4 208.00 3 . 1  207.75 0.8 207.85 ! .0 207.65 0.5 208. 1 0  0 . 8  
C( l s )  2 84 . 1 5  1 3.9 284.40 1 6.8 284.35 1 1 . 8  284.40 1 6.5 284.35 1 0 .0 
C( I s )  2 8 5 .00 25.6 285.00 47.2 285.00 58.9 285.00 49.7 285 .00 56.0 2 8 5 . 00 47.7 
C( I s )  286.20 1 7.5 285.95 1 0.6 286.75 7.5 286.20 1 1 .5  286.35 6.6 286.55 1 8 . 7  
C (  l s )  2 8 8 .45 5 . 7  287.30 5 . 9  29 1 .35 0.03 288.30 4.7 288 .30 2.7 2 9 1 .65 1 .5 
C (  I s) 2 9 1 .75 0.9 288 .95 1 .9 2 9 1 .45 2.7 29 1 .40 1 .7 29 1 .75 1 .4 
N (  I s )  400.30 4.7 400.55 5 . 7  400.55 1 .7 
N (  I s )  40 1 . 1 0  4 . 2  
N (  I s )  403.30 ! . 8 
O ( l s ) 532.80 1 9.9 5 32. 1 0  6.2 532.70 9.5 5 3 2.45 7 . 8  532.70 9.5 533.05 1 6 .5 
0 ( 1 s )  534.85 2 .3  5 3 3 . 1 5  1 4 . 8  535.00 0.9 5 3 3 .45 5 . 1  
• B E rdcrs t o  binding energy an d  A tom% refers t o  the atomic percentage. 
zation of the alkene spacer l inkages may also be initiated by 
the radical cation ( 8 ) . Alternatively, the radical cation ( 8 )  
m ay attack a neutral monomer (9 ) ,  fol lowed by free radical 
p olymerizat ion,  to produce a polymer containing saturated 
l i n kages ( Fig. 1 2 ( b ) ) .  However, this process is less l i kely 
with an electrochemical route s ince, at  the applied potential, 
t h e  m o nomers at the electrode surface exist predominantly as 
rad ical cations.  I n tra-molecular reactions ( Fig. 1 2 (  c ) ) may 
also occur to produce polymers containing saturated carbon 
atoms via the reaction of radical ( 1 1 ) .  Such cyclization reac­
t io n s  of styryl th iophenes h ave been widely reported [ 1 9,20 ] . 
I n  add i t ion ,  the longevity of the radical cations makes them 
particularly susceptible to attack by trace amounts of oxygen 
a n d  water to produce saturated l inkages. 
Peaks corresponding to the n i tro substituent, 1 520 ( vN-0 
asym . )  and 1 350 cm - 1 ( vN-0 sym. ) ,  and ami no substituent, 
3400 ( vN-H asym . ) ,  3 200 ( vN-H sym . )  and 1 5 80 cm - 1  
( yN-H ) ,  were observed i n  the spectrum of poly-2 and poly-
3, respect ively.  These s ignals were observed at exactly the 
s a m e  wavenumber in thei r  corresponding rnonomers, con­
fi rming the absence of coupl ing via these posi tions. It can 
also be concluded that coupl ing via phenyl ri ngs does not 
Table 3 
Degrees of polymer doping, determined from the ratio of the a!Omic per­
centages of the S (2 p )  peak ( N (  I s )  in the case of polypyrrole and poly-4) 
to that of the C ! ( 2 p )  peak in the XPS spectra 
Polymer 
Polypyrrolc 
Polythiophenc 
Poly-1 
Poly-4 
Po ly-S 
Poly-6 
Monorner:dopant ratio 
3 . 1  
3 . 3  
6.9 
6.0 
1 0.2 
4.4 
occur, s ince this would result i n  shifts o f  the ni tro and amino 
peaks. 
In agreement with the XPS data, peaks corresponding to 
C=O, 0-H and C--0 species were observed in the Fr-IR 
spectra of all the polymers investigated, including polyth io­
phene. As expected, the extent of these defects was m uch 
greater in  the chemically prepared polymer than in the elec­
trodeposited film, since chemical synthesis general ly leads to 
over-oxidation of polymers. 
TI1e photoacoustic-IR spectra of the polymers were very 
simi lar to the Ff-IR spectra, although peak shapes were more 
sharply defined in the former technique and the presence of 
saturated vC-H peaks, at 2930, 2900 and 2850 c m - 1, were 
much more obvious. 
3.7.3. So/id-state NMR spectroscopy 
The CPMA S 1 3C NMR spectrum of the ( E) -2-styrylthio­
phcne ( 1 )  monomer shows a s ingle  unresol ved peak at 
128 .43 ppm and two peaks corresponding to the ! ' - phenyl 
and 2-thienyl  quaternary carbons at 1 3 6. 87 and 1 4 3 .67 ppm. 
Figs.  1 3 ( a )  and ( b )  show the protonated and non-proton­
ated CPMAS 1 3C NMR spectra, respecti vely, of the polymer 
obtained from chemical polymerizat ion.  The two peaks a t  5 6  
and 1 80 ppm i n  the protonated carbon spectrum correspond 
to the spinning s ide bands of the main peak at 1 27 .46 pprn. 
The signals i n  both spectra were considerably broadened w i th 
respect to the monomer as a result of increased numbers of 
carbon atoms i n  sl ightly di fferent envi ronments.  HO\vcver, 
even at this low resolution, some important features were 
observed. The protonated carbon spectrum (Fig.  1 3  ( a ) ) 
showed s ignificant amounts of saturation at approximate ly 
30--60 ppm, in agreement with Ff-IR s tudies. In the non­
protonated spectrum ( Fig.  1 3 ( b ) ) C-0 and C=O species 
were observed at 75-90 and 1 95-2 1 5  ppm, respect ively [ 2 1 ] ,  
in agreement with XPS studies. B road signals i n  the range of 
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Table 4 
Summary of FT- I R  data of poly( ( £) -2-styrylheterocycles) ,  poly( (£) -3-styrylthiophene) and polythiophene prepared under chemical and elcctrochemical 
condi tions 
Polymer 
Polythiophcne 
Po1;1hiophene 
Polythiophene 
Po1y-l 
Poly-1 
Po1y-2 
Po1y-3 
Po1y-4 
Poly-S 
Preparation 
electrochemical 
doped with C104-
e!cctrochemical 
dedoped 
chemical 
doped with Cl -
electrochemica1 
doped with Cl04 -
chemical 
doped with o-
e1ectrochemica1 
doped with Cl04 -
electrochemical 
doped with Cl04-
e!ectrochemical 
doped with CI04-
electrochemical 
doped with Cl04-
Peaks and assignments 
3530 ( •·0-H ),  3290 ( ••0-H ) .  ! 670 ( vC=O ) .  1 620 ( vC=C ) ,  1 350 ( '}0-H i l•C-0 ) ,  
1 2 1 0  ( •·C=S l .  ! l OO ( vCI04 - ) .  1050 ( J.>Cl04 - ) . 790 ( 1C-H ) 
3500 ( vO-H) ,  3250 ( <•0-H ),  3080 ( :•C-H unsar ) ,  1 675 ( �>C=O ) ,  1 630 ( t•C=C ) ,  
1425 ( ,0-H/ vC-0 ) ,  I 365 ( vC=S ) .  ! 2 20 ( t•C=S ) ,  1 1 05 ( •·CIO. - , weak ) ,  1 060 
( •·Cl04 - .  weak ) ,  790 ( )C-H) 
3520-3050 ( vO-I-1 ) ,  2930 ( FC-H sat. ) ,  1 675 ( •·C=Ol .  1 620 ( J..>C=C) ,  1 520- 1 330 
( >•C=SI ,0-H/ vC-0) ,  1 220 ( vC=S ) ,  1 1 3 5 .  1050, 8 1 0  ( )C-H ) 
3645 ( 1'0-rl) ,  3520 ( •·0-H) .  3295 ( vO-H ) .  3095 ( •·C-H unsat . ) , 3080 ( >•C-H 
unsat . ) ,  3020 ( J..>C-H unsar . ) .  2925 ( •·C-H sat. ) ,  2905 ( ••C-H sat. ) ,  1 945 ( weak ) ,  
1 880 ( weak ) .  1 675 ( FC=O) ,  1 600 ( vC=C) ,  1 � 90. 1 4 00 ( ,0-H ) ,  1 280 ( "C-0 ) ,  
1 2 1 0  ( >•C=S ) .  1 1 00 ( 1•Cl04 - ) .  1080 ( l•CIO. - ) . 800 ( rC-H ) ,  755 ( TC-H ) .  700 
( '}C-H )  
3650-3 1 00 ( vO-H ) ,  3080 ( vC-H unsat . ) ,  3040 ( 1•C-H unsat. ) ,  2930 ( vC-H sat. ) ,  
1 965 ( weak ) ,  1 895 ( weak ) ,  1 8 1 0  ( weak) . l 600 ( vC=C),  1 495, 1 450- 1 275 ( vC=SI 
,0-H/ vC-0 ) ,  865 ( ,C-H) .  8 10  (')'C- H ) .  770 ( ,C-H ) ,  705 ( ,C-H )  
3230 ( ••0-H ) .  3 1 1 0  ( •·C-H unsat. ) .  3080 ( PC-H unsat. ) ,  2965 ( l'C-H sat . ) ,  2920 
( 1•C-H sat . ) ,  2850 ( 1•C-H sat . ) .  1 7 1 0 ( vC=O ) ,  1655, 1 600 ( !•C=C ) .  1 5 ! 0  ( ... N-O 
asym.) ,  1 430 ( !•C=S ) ,  1 360 ( vN-0 sym.) ,  1 235 ( vC-0 ) ,  1 1 00 ( vC104 - ) , 850 ( ,C­
H) 
34 1 5  ( vN-H asym.) ,  3220 ( 1•N-H sym.) ,  2920 ( •·C-H sat. ) .  2 8 5 5  ( ••C-H sat. ) ,  1 590 
( yN- H ) ,  1400 ( ,C-N) ,  1 1 80 ( l>C= S ) ,  1 095 ( z•Cl04 - ), 1 045 ( PCI04 - ) 
3290 ( vN-H).  2965 ( z•C-H sat. ) ,  2920 ( vC-H s3L) ,  2 850 ( t•C-H sat . ) ,  1 7 1 0  
( vC=O) ,  1 650 ( t•C=C) ,  !490 ( yN-H) ,  1 4 1 5  ( I'C-N ) ,  1 25 5  ( vC-0) , 1 1 00 
( vCl04 - ) , 1 075 ( l'Cl04 - ) .  760 ( )C-H) 
3480 ( vO-H) ,  3285 ( vO-H ) .  3080 ( vC-H unsar. ). 3030 ( ••C-H unsat. ) ,  2965 
( vC-H sat. ) , 2925 ( vC-H sat . ) , 2855 ( vC-H sat . ) , l 675 ( vC=0 ) , 1 600 ( vC=<:) . 
1450 ( ,0-H/ z•C-0 ) , 1 4 1 0  ( )0-H/vC-0 ) , 1 2 1 0  ( vC=S ) ,  1 1 80 ( l'C= S ) ,  1 100 
( vCl04- ) ,  !080 ( vCl04 - ). 785 ( 1C-H) ,  705 ( -,C-H) 
1 20- 1 55 pprn correspond to aromatic and heteroaromatic sp2 
hybridized carbon atoms bear i ng substituents. 
degree than polypyrrole and polythiophene. For example, i n  
the case of the polymer obtained from ( £) -2-styrylpyrrolc  
( 4) ,  one perchlorate anion was i ncorporated for every s ix 
monomer un its. TI1e low conductivit ies of these polymers arc 
attributed to oxidation of the alkene spacer l inkages resul t ing 
i n  formation of a crossl inked polymeric matri x  in  which the 
conjugation of the backbone has been d isrupted.  
4. Conclusions 
Polymeric films with conductivi ties in the order of 1 0 - 6  S 
c m  - I  were produced by elcctro-oxidation of ( E) -2-styryl­
th iophenes and (E)  -2-styrylpyrrole. Under the experimental 
condit ions used, the fi lms were redox i nactive, with s imilar 
electrochernical behaviou r  and properties to those of the (E) -
3-styrylthiophenes, where a complex polymeri zat ion path­
way i nvolving crossl inking and/ or polymerization through 
the al kene spacer l i nkage was proposed [ 1 ] .  However, elec­
tropolymerization of ( E) -2-styrylpyrrole ( 4) produced 
defect-free remarkably smooth h omogeneous films, showing 
u n i form coverage over cent imetre dimensions. 
XPS studies of (£)-2-styryl heterocycles and ( £) -3-sty r­
ylth iophenes s howed that the polymers were doped wi th  per­
chlorate anions from the electrolyte ,  albeit  to a sl ightly lesser 
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Fig. 1 2 .  Proposed mechan isms for the origin of saturation within poly ( (E) -
2-styrylhetcrocycles ) :  ( a )  cationic polymerization; ( b )  free radical poly­
merization; ( c )  intra-molecu l ar couplings to produce saturated linkages. X 
represents NH or S .  
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Fig. !3 .  CPMAS 13C NMR spectra of the chemically polymerized ( £) -2-
styrylthiophene ( 1 ) , using FeC\3 as oxidant: (a) protonated carbon spec­
trum; (b)  non-protonated spectrum. 
References 
[ l ]  J.R. Smith, S .A. Carnpbel l ,  N. M. Ratcl i ffe and M. DunleaYy, Synth. 
Met., 63 ( 3 )  ( ! 99-f) 233. 
[2] L. Emst, Org. Mag. Resan, 9 ( 1 97 7 )  35. 
[ 3 ]  A. Arcoria, S .  Fisichcl la, G.A.  Scarlatta and M .  Tom�. J. Hetcrocycl. 
Chem., 10 ( 1 97 3 )  643.  
[ 4]  A .  Arcoria, E. Maccarone and G . A. Tomaselli ,  Spectrochim. Acta, 
Part A,  29 ( 1 97 3 )  1 60 1 .  
[ 5 ]  S .  Fisichella, G .  Scarlata and 1>1 .  Torre, Gaz:.. Chim. !tal., 10-1 ( 1 974) 
1 237.  
[ 6.] A .  Arcoria, E .  Maccarone and G . A .  Tomasel l i ,  J. Hctemcycl. Chem. ,  
10 ( 1 9 7 3 ) 1 9 1 .  
[ 7 ]  \V. Freund, J. Chem. Soc. , Chcm. Conunun. ,  ( 1 9 5 3 )  2889. 
[ 8 ]  R .  Alan Jones , A ust. J. Chem., 18 ( 1 96 5 )  875. 
[9] \V. Hinz, Synthesis, 8 ( 1 986) 620. 
( !0] C. D. Wagner, L.E. Davis, M .V. Zeller, J.A. Taylor, R .H.  Ramond and 
L.H. Gale, Stuf 1ntoface Anal., 3 ( 1 98 I )  2 1 1 .  
[ 1 1 ) J . R .  Smith, N.M. Ratcli ffe, P.A. Cox ond S .A.  Campbell ,  J. Clzem. 
Soc . . Faraday TrailS . . 91 ( 1 5 )  ( ! 995)  233 1 .  
[ 1 2 ]  A .F. Dia.z and J .  Bargon, i n  T.J. Skotheim (ed. ) ,  Handbook of 
Conducting Polymers, Marcel Dekker, New York, 1 986,  p .  8 I .  
( 1 3 ] A.R.  Hi l l  man and E. F. Mallen, J. Electroana!. Chem., 220 ( 1 98 7 )  35 1 .  
[ l.f] M .  V .  Ze!ler and S.J. Hahn, Swf lntC/face Anal., I f  ( ! 98 8 )  327. 
[ 1 5 ]  P. Pfluger, J.C. Scott, M.T. Kronbie and G.B. Street , Phys. Rev. B, 28 
( 1 98 3 )  2 1 40. 
Journal: SYI\.\1 ET (Synrht·tic Metof.,') Article :  3 3 l  :; 
1 82 J.R. Smith et al. I Synthetic Metals 73 ( 1995) 1 71-182 
[ 1 6 1  G.B. Street, T.C. C/arke, M. Kronbie, W.J. Lee, P. Pfluger, J.C. Scon 
and G. Weiser, !dol. Cry·st. Liq. Cryst. , 83 ( 1 982)  253. 
[ 1 7 ]  S. Dong and J. Ding, Syntlz. Met., 20 ( 1 987) 1 1 9. 
[ 1 8  J G.P. Evans, Adva11ces in E!ectrochemical Science and Engineering, 
Vol. I ,  Cambridge Life Science, Cambridge, 1 990. 
f 1 9] W. Carruthers and H.N.M. Stewarr, J. Chem. Soc., ( 1 965 ) 622 1 . 
[20) M.B. Green, R.M. Kellogg and H. Wynberg, J. Org. Chem., 32 ( 1 967) 
3093. 
[2 1 )  W. Kemp, Qualitative Organic Analysis. Specrrochemical Techniques, 
McGraw-Hill, New York, 2nd edn., 1 986. 
Journal: SYN:'>!ET (Synthetic· Mcrafs} An id�: JJ l 8  
1. CHEM. SOC. FA R A DAY TRANS .• ! 995. 91( 1 5). 2331 -2338 233 1 
Appl icati on of  Dens ity Functional  Theory in the Synthesis o
.
f 
E l ectroactive Polymers 
J a mes R. S m ith,  P a u l  A. Coxt a n d  S h e e lagh A. Campbel l*  
School of Chemistry, Physics and Radiography, University of Portsmouth ,  White Swan Road, 
Portsmouth , UK PO 1 2DT . 
N o r m a n  M .  R a tc l l fie 
Depa rtment of Ch emica l and Physica l Sciences , Faculty of Applied Sciences , University of the West 
of England (Bristol) ,  Coldharbour L a n e ,  Frenchay, Bristol, UK 85 16 1QY 
A w i d e  r a n g e  of conj ugated organic compounds undergo a nodic electrop o l ymerisat ion t o  produce polymers o f  
h i g h  c o n d u ctivity. However. e lectrooxidation does n o t  a lways result i n  t h e  formation o f  e lectroactive m a t e r i a l s ,  
s i n c e  s o m e  reactions produce i n s ulat ing fi lms or soluble ol igomers.  Density functional  theory (OFT) h a s  b e e n  
u s e d  to predict the outcome o f  e lectropolymerisation reactions by calculat ing t h e  unpaired electron n-s p i n  
densi ty d istr ibut ion o f  monomeric radical cations, i n  order  t o  determine coupl ing posit ions i n  t h e  resul t a n t  
polymers.  
n·Spin d e nsit ies calculated for pyrrole,  thiophene and (E)-st i lbene are found to b e  i n  good agreement w i t h  
exp e r i m e n t a l  v a l ues. OFT has b e e n  used to i nvestigate the l ow conductivity a n d  redox i nactivity o f  poly[(E)-3-
styryl thiophenes] a n d  poly[(E)-2-s tyrylheterocycles]. High positive s p i n  d e n sities at  the a l k e n e  s pacer l i n k a g e  i n  
the corresponding monomeric radical  cations were found, suggest ing cross l i n k i n g  o f  t h e  polymers via t h e  
double b o n d .  I n  contrast.  e l ectroactive polymers of  improved conductivity a r e  formed from t h e  e lectro­
polymerisat ion o f  s o m e  (Z)-2-::t./1-dia rylacrylonitr i les.  For  these monomers, OFT calculat ions s h ow the pos i t i o n s  
of h i gh e s t  s p i n  density to be located at  t h e  ::t-posi t ions of  t h e  heterocyclic r ings.  suggest ing t h e  presence of  er:,<:�'­
l i nked monomeric coupl i n g s  n ec essary for e lectroactivity. 
In t rinsically conduct ing polymers are an e x ci t i n g  new class of 
electronic mater ia ls  which have a t t racted increasing interest 
s ince t heir d iscovery in  1 979. 1 These syn the tic m etals, which 
have the potent ia l  of  combining the h ig h  cond uct i vities of 
pure metals with the processibility, corrosion resistance and 
low density of  p o lymers. 2 a rc begin n i ng to fi nd applications 
in  the fields of battery ma terials, 3 e l ec t roch ro m ic displays,4 
electromagnetic shie lding,s sensor technology,6 non-linear 
optics 7 and m olecular  electronics.8•9 
Pyrrole and t h iophene heterocycles. and t heir derivat i ves, 
are proving to be t h e  best monomers for the production of 
desirable cond u ct ive polymers in te rms of h igh conductivity, 
processibi l i ty a n d  ease of man ufacture. E lectroa ctive films are 
typically synthesized from the anodic electropolymerisation 
of the monomer. i n  an inert organic sol vent  and in the pres­
ence of a support ing electrolyte. ' 0 
A schematic of the generally accepted mechanism for elec­
tropolymerisa t i o n  of t h iophene 1 1  is shown in Fig. l. The 
i n i t i a l  electrochemical s t ep (E) is a one-electron oxidat ion of 
the monomer to form i ts  radical cat ion.  A high concen trat ion 
of t hese species is  m a i n t a ined at  the anode surface because 
t h e  rate of elec t ron t ra nsfer grea t ly exceeds the monomer d i f­
fusion rate to the  elect rode s urface. The second s tep. a chemi ·  
ca l  react ion ( C l .  i n volves the spin-pair ing of  two radical 
ca t ions to form a d ihyd ro -d imer dication.  which s u bsequent ly 
undergoes the loss of t wo protons  a n d  re-a roma tiza t ion to 
form the dimer.  A romat iza t ion is the d r ivin g  force of the 
chemical step (C). Coupl ing occurs pri mari ly through the :x­
carbon a toms of the  t h iophene ring. s ince t h ese are the posi­
tions of h ighest unpaired-electron spin density. and hence 
reactivity. A t  the  applied potential the d i mer, wh ich is more 
easily ox idised than the  monomer, exists as a radical cation 
and undergoes further coupling reactions with other radica l 
cations. This electropolymerisation mechan ism . _accord ing to 
t Also a t :  Centre for Molecular Design. U niversity of Portsmouth. 
Mercantile House. Hampshire Terrace. Portsmouth. UK PO! 2ED. 
• Author to  whom correspondence should be addressed. 
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Fig. I General schematic of the unodic elecl ropolymerisa t ion of 
arom a t ic fivc-membcred hcterocyclcs: E represents  an eleclrochemi­
cal  step and C represenls a chemical step : X �  NH. S or 0 
the general scheme E(CE) • .  con tinu es u n t i l  the o l igomer 
becomes i nsoluble in the electrolytic medium and preci p i t ates  
onto t h e  anode s urface . 1 2 
H owever, it should be noted that this  mechanism for elec­
tropolymcrisation is greatly simpl ified . with the _nature o f  t h e  
rate-l i miting step and the exact role o f  oligomers i n  t h e  i n i t i al 
deposit ion step remaining unresolved. A lso, the polymers a re 
formed i n  their oxidised conducting state with dopant anions 
being incorporated into the film to main tain electroneutrality. 
Conduct ing polymers can be cycled between the oxid ised 
conducting state and the neu tral i nsulating state, 13 the oxida­
tion and reduction accompanied by diffusion of counter ions 
into and out of the film . 1 4  
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A wide variety or thiophene derivatives, 1 4 - 1 7  as  well as 
thiophene dimers 1 8• 1 9  trimers 1 8 •20 and tetramers,2 1 have 
been electrochemically polymerised and t heir conducting 
properties studied .  Electropolymerisation or substituted 
thiophenes is usual ly achieved when the substituent is present 
in  the fl-posit ion.  I n  this  way, the (%.():· conjugated backbone 
is not affec;ted. The oxidation potent ia l  or  the P-substituted 
monomers is dependent on inductive, mesomeric and steric 
effects of the s u bs t i t uent groups. 2 2  
The electrochemical oxidat ion o f  P-subs t i tu ted thiophenes 
does not always resul t  in the formation of conducting films 
as, freq uent ly, insulat ing films o r  soluble oligomers are pro­
duced.23  The stabil i ty of the radical  cation partly determines 
the nature of products formed.14  H ighly electron-donating 
species, such as amino groups, stabil ise the radical cation to 
such an extent that i t  is able to d i ffuse away from the elec­
trode i n terface in to  bulk electrolyte before eventually being 
a t tacked by t h e  electrolyte or o t her n ucleophi l ic  species in 
solution. I n  contrast,  if  the substituent is electron withdraw­
ing, e.g. a nitro group. then the radical cation is rendertd 
highly active and may undergo ra pid. less selective couplings 
to produce films of low conductivity.B S teric effects d o  not 
hi nder the format ion of the radical cation but  appear to 
become important  i n  the subsequent ·  coupling reaction. With 
large fl-substituents, the polymerisation reaction is not as 
efficient and large q u an tit ies of short-chain oligomers are 
formed. 1 2  
The spin -densit y dis t r ibu t ion o f  radicals ;Hld radical ions is 
therefore extremely i mportant in the  polymerisation reaction. 
Experimental ly, these val ues can be d etermined from electron 
paramagnetic rcso n a r}cc spcctroscopy (EPR). The M cConncll 
eq uat ion gi ves the  d i rect p roportional i ty between the iso­
tropic component o f  the H, coupling (:t d enoting the proton 
coupled to the carbon atom of in terest)  and the n-spin density 
on the (%-carbon atom :2 6 
a�' = p. Q ( ! )  
where a�1 = isotropic component o f  the H ,  coupling, P. = n­
spin density on carbon atom and Q = a proportionality con­
stant. The value of the proport ional i ty constant ,  Q, is specific 
to the radical under  study. z u s  For carbon atoms of vinyl 
radicals, Q = - 27 and for carbons of the benzene radical 
cation, Q = - 26.4. M o d i fications of the M cConncll equat ion 
by Colpa and Bolton, 2 9  and i ndependen t ly by Mc Lachlan,  30 
have been designed to take  i n to accou n t  the effect of ' excess 
charge ' at each
-
carbon atom and the polarisation of the spins 
of the rr-electrons by the  spin of  the unpaired electron, respec­
t i vely. H owever, n o t  al l  sp in  densi ties can be determined from 
an E P R  spectrum, s ince very small  cou pl ings ca nnot  be mea­
su red and the spin d ensities of carbon a toms which a re not  
bonded t o  hydrogen can no t be determined i n  this  way.2 , 
Therefore. theoretical met hods of predict ing the n at u re of 
products formed from an clect ropolymerisat io n  reaction, 
which would be used a s  a screen i n g  tech n ique in the rational 
design of conducting polymers from n ovel monomers. would 
be highly desirable. 
The first at tempts at predict ing the molecular geometry 
and react ivity for monomer u ni ts  were carried out using 
semi-empirical molecular  orbi ta l  met hods. s uch as I N DO. 
M N DO and CNDO. Spin-density d istribution calculations 
for pyrrole monomeric a n d  oligomeric radical cations3 1 using 
I NDO have shown a s trong correlation between s pin-density 
distribution and sites of electropolymerisation. H igh spin 
populations at  the :x-posi t ions or the heterocyclic radical 
cations were observed, reflect ing :x.:c'-monomer l i nkages i n  
the resultant polymer. However, when these calculat ions were 
applied to oligomeric pyrrole radical cations. the reactive 
si tes became chemically ineq uivalent to those or the 
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monomer, with electron-spin densi ty becoming more de locar. 
ised from the ex-positions to other posit ions in the hetero­
cycle.32 Such l inkages were more l ikely in the later stages of 
electropolymerisation, where the u npaired-electron-spin 
density of the P-carbon atom of the ol igomer became compa­
rable to that of  the :x-carbon atom. 3' O ther non-(X,:z' -coup­
lings h a ve been found experimentally a n d  they are k n own t o  
cause breaks in  t h e  conjugation of t h e  polymer, reducing con ­
ductivity and electroactivity of t h e  fi l m . 3 2  
Ad vances i n  both hardware techn ology and computat ional  
methods allow the use  o f  techniques w hich predict molecular 
geometry and electronic properties more accurately than the 
semi-empirical a pproaches. A b  initio H art ree-Fock m olecular 
orbital (MO) calculat ions achieve chemical accuracy, but 
their high computational requirements mean that t hey 
cannot  be routinely a pplied to systems contain ing m any 
atoms. Open-shell calculations using the method of partial 
retention of diatomic d i fferential overlap ( P RDDO)n withi n  
t h e  u n restricted H a rtee-Fock approx i mat ion have been used 
to investigate the failure of  a t tempted electropolymerisat ion 
of fl-ethylmercaptothiophenes34 a n d  fl uorophore-containing 
derivatives of thiophene. 3 5  Posit ions of  h ighest u npaired­
electron-spin density in the  radical cations of  these m o nomers 
were found to be located away from the ex-positions o f  the 
t hiophene ring, accou n t i ng for the fail ure of clectro­
polymerisation. 
DFT calculat ions 3 u 7  arc rapid ly gain i ng popularity 
owing to their comparable accuracy with ah initio M O  calcu­
lations, with the advan tage of req u i ring significantly less 
computation time. In essence, the D FT approach d e termines 
molecular properties such as spin density from the  electron 
density distribut ion, as  calculated by solving the appropriate 
Kohn-Sham equations.  A detailed d iscussion of the DFT 
approach can be fou n d  in  the book by Parr and Yang.36 
In the  current  work, DFT has been used to calculate  the 
spin-density dis tr ibu tions of  radical cat ions of pyrrole, th io­
phene and a series of  subst i tuted analogues, i n  a n  at tempt to  
predict coupling posi t ions i n  the  resu l t a n t  polymers. 
Density Functional Theory Calculations 
D FT calculations were performed using the program D M ol 
(Version 2.3.5)3 8 on a S i licon Graphics Indigo 1 1  work s t a t ion. 
A d ouble n umeric basis set with polarisation fu nctions 
( DNP) was used. incorporat ing a t otal  of 4282 points in the 
n umerical integration procedu re. I n  order to keep computa­
t ional  t ime to a m i n i mum, n o  geometry optimisations were 
performed in  the D FT calculation a n d  the atomic positions 
were held fixed a t  positions determi ned by a m olecular 
mechanics approach using the CVFF forceficld i n  the 
program Discover. 3 0  A l l  the molecules investigated adopted 
planar configurations. 
Results and D iscussion 
In principle. the validity of the DFT a pproach in  determ i n i ng 
spin densi ties can be assessed by di rect comparison of the 
calculated total spin-densities on the a toms for pyrrole (I), 
thiophene ( 1 1) and (£)-sti lbene (I l l ) with t he 11-spin densities 
obta ined from EPR using the M cConnel l  equation [eqn .  ( 1 )]. 
For all the D FT calculat ions performed i n  this s t udy, the 
total spin density equals  the 11-spin density because the mol­
ecules are held flat  d uring the calculations a nd the H O M Os 
were found to be n-orbitals. However, it should be noted that 
small  d i fferences between the calculated and experimen tal 
val ues are a nticipa ted because of the experimental depen­
dence of H. o n  variables such as the  n a t u re of the solvent and 
oxidising agents used.40·4 1 Compounds I, 1 1  and I l l  were 
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selected for comparison because their radical cations possess 
s imi lar s t ructu ral  fea t u res to the compounds of interest, in  
addit ion t o  well documented EPR spectra. Semi-empirical 
( I N DO) values for spin densities were also available for 
pyrrole (I) and (£)-stilbene (Il l). H owever, in the original 
I NDO s tudy of Waltman and Bargon,3 1 only the s-orbital 
component of the total spin density was used to assess reacti­
vity for pyrrole.  In the  present  work. the  7!-component of spin 
densitv has been used, since OFf calcula t ions show that the  
s - orbi ia l component of the spin density is zero, as expected 
fo r p lanar compounds in which the H O M O  has 7!-symmetry. 
Table I shows the values of the u npaired 7!-electron spin­
d ensi ty d i s t ribut ions of t he respect ive radical cations, 
obtained from O FT and l N D O  calculations, together with 
the  values from EPR spectroscopy. l t  can be seen that the 
spin dens i t ies calculated are in good agreement with the 
experimental values for al l  three compou nds. H owever, spin 
densit ies can not be calculated from I N D O  met hods for al l  
molecules owing t o  i nsufficient parametrisation of certain 
elements, such as su lfur, which are necessary for calculations 
involving derivatised th iophene compounds. The good agree­
ment between the spin  densi ties obtained via O FT and 
experiment gives us confidence in a pp lying the techn iq ue to 
other systems. 
Pyrrole and Thiophene Oligomers 
Tahlc 2 shows the ca lcu la ted u npaired-electron spi n-densi ty 
distr ibutions of the monomcric. dimeric and trimeric radical 
cations of  pyrrole (! .  IV and V) and thiophene (ll, VI and 
VII). I n pyrrole ( 1 ), the highest spi n populat ions are located 
a t  the 2- and 5-(z-) posi t ions, in agreement  with !NDO calcu­
lat ions. and so  spin pairing would be predicted to form 2,2'­
bipyrro!e ( I V). The highest spin densit ies in the  dimer are 
again located at the 5- and 5'-(z-) positions, 0.2 5 1  each, 
a l though the spin magnitude has decreased t h rough conjuga· 
t ion a nd the rat io of spin populations at the  3-(3'-) and 5-(5'-) 
pos i t ions is i ncreased to 0.43. compared with 0.20 for the 
monomer. 2,2' : s·.r-Terpyrrole (V). produced from spin 
pair ing of the dimcr with a m onome ric radical cation, also 
possesses the highest spin density (0. 1 60) at the 5- and 5"-(�l 
positions. The ratio of spin popula tions a t t h e  3-(3'-) and 
5-(5'-) positions is further increased to 0.50 in the t rimer (V), 
suggesting the  possibility of a greater incidence of n o n-:x,z'­
linkages with chain growth. 
The DFf calculated unpaired-electron spin-density d is­
t ributions of the mon omeric, dimeric and trimeric radical 
cat ions of thiophene (II ,  VI and VII, respectively, in  Table 2), 
fol low a very similar pattern to the corresponding pyrrole  
oligomers. The highest spin populations are located a t  t h e  
et-positions throughout oligomerisation a n d  i n  t h e  tr imer 
(VII), the spin populations a t  the  3-(3"-) positions (0.075) only 
reach one half  of those at the 5(5"-) positions (0. 1 5 1 ). As with 
pyrrole (!), non-:x,z'- l inkages become more preva lent as  o l igo­
merisation proceeds. 
(£)-3-Sryrylt hiophenes, (E)-2-Styrylheterocycles and 
(Z)-cx, 13-Diarylacrylonitriles 
Spin-density calculations have been performed on a r a nge of 
(£)-3-styryl thiophenes, (£)-2-styry l heterocyclcs and (Z)<t,P­
d iarylacrylonitrilcs, for which conductivity da ta  are a va i l able . 
At p resent', for these larger systems . .  calculat ions h ave been 
confined to monomer uni ts only. I t  is assumed tha t  i n i t ia l  
coupling wil l  be  through the s i te  of highest spin  density for a 
pair of radical cations. and that  subseq uent s teps may then  
i nvolve the $econd highest spin density s i t e  o r  other  si tes with 
comparable valu�s. l t  also seems · reason able to assume for 
these systems that steric effects wi l l  prohibit coupl ing at s i tes 
which already have a substituent present. 
(E)-3-Styrylrhiophenes 
Table 3 shows the spin-density d istribution s  for three mol­
ecules based on (£)-3-styrylthiophene (VIII ,  IX and X ). In the 
case o f  the parent compound, (£)-3-styrylthiophene (VIII). 
alt hough the highest spin density is l ocated at the 2-(:x-) posi­
tion of the th iophene ring (0. 1 60). comparably high spin s  a re 
present at the 4'-(para-) position of t he phenyl ring (0. 1 45), 
and also at both 1 "- and 2"-carbon a toms of the a lkene  
Table I Spin·density dist ributions o f  pyrrole { 1 ). thiophene ( 1 1) and  (£)·st i lbene ( I l l )  radical cations obtained from OFT a n d  I NDO ca lcu­
lations. and from E P R  
radical cation position 
< 3 
s 0 7 2. 5 3. 4 N ,  
I H 
1 1 3 
s0 2 2. 5 3. 4 s 
I l l  I '  I '  
2' 3' 2. 2' 
3, 3' 
4. 4' 
6' 5' 5. 5· 6. 6' 
1 ", 2" 
calculated 
D FT 
- 0.0-12 
0.465 
0.092 
- 0.037 
0.456 
0.098 
0.090 
0.069 
- 0.003 
0. 1 53 
0.007 
0.055 
0. 1 58 
spin densities, p, 
experimental" 
EPR 
• -
0.606 
0. 1 1 4 
• -
0.492 
0.095 
-· 
0. 1 05 
- 0.027 
0. 1 65 
- 0.027 
0. 105 
0. 1 65 
calculated 
JNDO 
- 0.08 1 '  
0.458 
0.085 
0.0 1 3  
- 0.072 
0. 1 6  
- 0.076 
0. 1 4  
0. 1 8  
• Experimental spin densities were obtained from literature hypertine coupling constants using the McC�nnell  e.quation with t.he proportion­ality constant  Q "'  - 26.4. • Ref. 40. ' I NDO reworked calculation from ref. 31 in order to calculate n-spm density for companson wHh D FT  
and EPR data. The original  values given in rd. 3 1  refer to t h e  s-orbital component of spin density. 1 Ref. 48. ' Ref. 27. 
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Table 2 Spin-density populations of the oligomeric radical cations of pyrrole 1 1 .  IV and V) and thiophene (11.  V I  and V I I )  obtained from O FT  
calculations 
radical cation spin densities, p, 
• 3 l - 0.042 
J() 2 2, 5 0.465 � 1 3, 4 0.092 
H 
JV - 0.006 I '  - 0.009 
2 0. 1 31 2' 0. 1 33 
3 0. 1 08 3' 0. 1 09  
4 0.040 4' 0.040 
:r .. 5 0.2 5 1  5' 0.2 5 1  
\' 0 I '  - 0.0 1 8  1 "  0.001 
2 0.061 2' 0. 1 25 2 "  0.060 
3 0.080 J' 0.078 3" 0.080 
4 0.023 4' 0.078 4" 0.023 
3' .. 5 0. 1 60  5' 0.025 s· 0. 1 58 
• 3 1 1  - 0.03 7 
so 2 2. 5 0.456 3. 4 0.098 s 
3 VI I .  J '  0.037 
2. 2' 0. 1 68 
J. J' 0.049 
4. 4' 0.050 
:r .. 5. 5' 0.2 1 6  
3 VII 0.0 1 2  I '  - 0.0 1 9  J "  0.0 1 1 
2 0.062 2' 0. 1 27 2" 0.062 
s· 3 0.075 3' 0.077 3" 0.075 
4 0.02-l 4' 0.077 4" 0.024 
:r .. 5 0. 1 5 1  5' 0. 1 27 5" 0. 1 5 1  
Table 3 S pi n -density popula tions o f ( £J-3-styryl t h iophene radical ca t ions (VII .  IX  and X )  obtained from OFT calculations 
radical  cation 
H \ J' N-H 
:r .. 
.. 
\'I l l  
I X  
X 
2 
3 
4 
2 
4 
5 
2 
3 
4 
5 
0.08 1 
0. 1 60 
0.098 
- 0.0 1 2  
0.084 
0.03-l 
0.291 
0.026 
- 0.0 1 0  
0.068 
0.069 
0. 1 57 
0. 1 62 
- 0.020 
0. 1 0 1  
I '  
2' 
3 '  
4' 
5' 
6' 
I '  
2' 
3' 
4' 
5' 
6' 
I '  
2' 
3' 
4' 
5' 
6' 
spin densit ies. p, 
0.083 
0.064 
- 0.004 
0. 145  
0.005 
0.053 
0.085 
0.027 
0.035 
0.062 
0.048 
0.025 
0.099 
0.060 
- 0.001 
0. 1 46 
0.01 1 
0.046 
I "  
2 "  
I "  
2" 
3" 
I" 
2" 
3" 
4" 
0. 1 45 
0. 1 4 9  
0. 1 57 
0.061 
0. 1 3 5  
0. 1 04  
0. 1 24 
- 0.005 
0.051 
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Fig. 2 Proposed mechanism for the electropolymerisation of (E)·3· 
s tyrylthiophene (IX) · 
spacer l i n k age (0. 1 4 5  and 0. 1 49, respecti vely). By analogy 
with the mecha nism of pyrrole elect ropolymerisation, the first 
chemical step in the elcctrooxidat ion of  (£)-3-styryl thio­
phcncs should be the spin-pairing of radical cations, with the 
concomitant  el iminat ion o f  two protons.  t o  produce a conju­
gated dimcr .  M a n y  d i m eric s tructures are possible (Fig. 2) 
because of the h ighly delocalised spin density of the (E}-3-
styryl thiophene radical cation (VI I I ). Further steps in the  
elcctropolymerisat io n  reaction would be expected to result  in 
the formation of a dense, highly crossl inked polymeric 
matrix.  This is in agreement with electrochemical s tudies 
which show that  elect rooxidat ion of th e alkene spacer l inkage 
and the th iophene ring occur concurrently to produce a 
redox inact ive polymer of l ow cond uctivity (er = ! 0 - 6  s 
cm - 1 ).42  
The i n t roduction of  a n  electro n -d onat ing amino group a t  
t h e  para-position o f  the  phenyl ring, as i n  the case of (£)-3-(4'­
aminostyryl)thiophene ( I X ), significantly alters the spin­
density distribu t ion from that  of the parent compou nd V I I I .  
The highest spin densi ty, 0.292. remains at  t h e  2-position, a n d  
t h e  spin populat ion i s  almost double t h a t  o f  t h e  
unsubst i t u ted compound V I I I .  Th us, t h e  first chemical step i n  
t he  electropolymerisa t ion of I X  wil l  be the spin-pairing of  
two rad icals a t  t h e  :r,:r'-posit ions. wi th  t h e  elimination of t wo 
2335 
protons. However, al though the spin density at o ne of the 
carbon atoms (2") in the alkene spacer l inkage i s  significantly 
reduced (0.061 compared with 0. 1 49), the spin density at  the 
! "-carbon atom is slightly increased (0. 1 5 7  compared with 
0. 1 45). Thus, monomer coupling via the alkene spacer would 
s ti l l  be expected, in agreement with electrochemical studies.4 2 
It is also probable that couplings via the amino group wi l l  
occur, since the spin density at the amino-nitrogen atom (3") 
is very h igh . This is not surprising, since the highes t spin den­
sit ies i n  ani l ine are fou n d  at the nitrogen atom and the para­
posit ion of the phenyl ring. 
The presence of a strong electron-withdrawing ni trile 
group at the alkene spacer l inkage (2"), as in (2)-�·(phenyl)-P­
(3-thie nyl)acrylonitri le (X), might be expected to reduce the 
overall reactivity of the double bond significantly, as wel l  as 
preventing coupling react ions via this site.  H o wever, DFT 
calculat ions show that  the spin density at the  2-posit ion of 
the thiophene ring, 0. 1 57, is scarcely reduced com pared with 
that  of (£)-3-styrylthiophene (VII ! ), 0. 1 60, and the spin 
density at  the remaining ! "-carbon atom o f  the d ouble bond 
remains relatively high (0. 1 04). The 4'-(para-) posit ion of  the 
phenyl ring also remains a react ive posit ion (0. 1 4 6). I n  agree­
ment with these results, electropolymerisation stud ies"'3 also 
show oxidation of the d ouble bond a n d  the th i o phene ring, 
with the formation of  a dense crossl inked polymer of low 
conductivity (a = 1 0 - •  S cm - 1 ). 
(E)-.?-S/ yr ylhet erocycles 
The spin-density distr ibutions of the (£)-2-styrylheterocyclic 
radical cations (XI,  X I I  and X I I I )  are shown in Table 4. In 
the case of (£)-2-styrylthiophene (XI), t h e  highest spin popu­
lation is  located a t  the 5-posi t ion of the t h iophene ring 
(0. 2 1 1 ), a l though both l "- and 2"-carbon atoms of  the alkene 
spacer l inkage and the 4'-(para-) posit ion of the phenyl ring 
possess almost comparably h igh spin (0. 1 20, 0. 1 58 and 0. 1 38, 
respectively). As wi th  the (£)-3-styryl t hiophenes. such a delo­
calisation of spin-density d istribution would be expected to 
resul t  in a polymer of l ow conductivity, con t aining many 
random crossli nked couplings, as is observed in electrochemi-
cal experiments.44 
· 
As with the amino d erivative of (E)-3-styry l th iophene (IX), 
the in troduction of a n  amino g roup at the 4'-(para-) position 
of the phenyl ring, to give (£)-2-(4'-aminostyryl)thiophene 
(XII), leads to a redistribution of spin density relat ive to the 
pare n t  heterocycle XL H owever, the effect is less dramatic 
Table 4 Spin-density populations of(E)-2-styrylheterocyclic radical �ations (XI.  X I I  and X I I I )  obtained from DFT calculations 
radical ca t ion 
• 3 2" 3" 
5�·· � ,.. 6'-5" 
• 2" 3" 3 s�N�  
S 1• - H 
• 
, s- s· 
3 2' 3" 
5�·· N -
I I l" 6" s· H 
XI - 0.007 
2 0. 1 28 
3 0.086 
4 0.030 
5 0.2 1 I 
XI I  - 0.002 
2 0.078 
3 0. 1 02 
4 - 0.004 
5 0.238 
XII I  I - 0.0 1 7  
2 0. 1 60 
3 0. 1 03 
4 0.029 
5 0.260 
spin densities P. 
I '  0.075 , .  0. 1 20 
2" 0.053 z· 0. 1 58 
3 "  0.005 
4' 0. 1 3 8  
5' - 0.005 
6' 0.063 
1 '  0.08 1 1 "  0. 1 3 1  
2' 0.029 2" 0.080 
3' 0.046 
4' 0.067 
5' 0.0)4 
6' 0.03 1 3" 0. 138 
I '  0.055 I "  0.085 
2' 0.049 2" 0. 1 62 
3' - O.(Xll 
4' 0. 1 1 6 
5' - 0.005 
6' 0.057 
with l i t t l e  addit ional  spin being localised on t h e  5-posi t ion  of 
the th iophene r ing (0.238 compared with 0.2 1 1  ). The s pin 
densi ty a t  t h e  2"-carbon atom in the alkene spacer l inkage is  
significant ly  reduced, from 0. ! 58 t o  0.080. a l t hough the spin 
populat ion .at t h e  l "-carbon atom is s l ightly increased, from 
0. 1 20 t o  0. 1 3  1 .  Thus. as with the (£)-3-styryl t hiophene amino 
deri va t ive (IX), coupling ria the alkene spacer l inkage would 
also b e  p redicted, as was indeed observed i n  electrochemical  
studies 4 4  Monomcr couplings r:ia the amino group would 
also be e xpected, owing t o  the h ig h  spin population at  the 
amino-ni t rogen atom (3"). 
(£)-2-Styrylpyrrole (XI I I) has its h ighest spin density 
located a t  the 5-posit ion of t h e  pyrrole ring (0.260). High spin 
density is observed o n  t h e  al kene spacer l ink age a t  t h e  2" 
posi t ion (0. 1 62)  and o n  this basis we wou ld expect cross­
l inking, a conclusion which is again In agreement with t h e  
experimentally observed resu l t .44 
(Z)-:t.{I-Diary/acrylonitriles comaining Two H ct crocycles 
In con trast to t h e  styrylheterocycles, some (Z)-:x,fl-dia ryl­
acryloni t riles u ndergo elcctropolymerisat ion to produce elec­
t roact ive polymers with enhanced cond uct ivi ty:3 of the 
order of  1 0 · •  S cm - 1 . 
Spi n-density distr ibutions of (£)- 1 .2-di-2-thienylenthene 
(X I V) and t h ree (Z)-:r,{i-diarylacrylonitri le radical cations 
(XV-X V I I )  a rc shown in Table 5. As ex pected, the n i t ri le  
groups possess very low spin populat ions. as reflected by 
their k nown electroinacti vity.''� The highest spin density of 
X I V  is located at the (5- and 5'-J:x-positions of the thiophene 
rings (0. 1 6 1 ). although comparably high spin populations 
were observed at the 1 "- and 2"-carbon atoms of the alkene 
l inkage (0. 1 54 and 0. 1 53. respectively). The refore, polymeric 
coupl ing may occur via the :x-positions to produce an elect ro­
aqive polymer, or L'ia the alkene l inkages t o  result i n  a cross­
linked polymer. with the exact balance depending on 
electrosynthetic conditions. This dichotomy is reflected in the 
range of conductivi t ies reported for the polymerisat ion o f  this 
Species ( I  02-J O - I 0 $ Cm - I ).46,4 7 
I n t roduction of a n i t r i l e  group at the alk ene spacer 
l inkage,43 as in the case of (Z}-:x.{i-(2-thienyl)acryloni tr i le  
(XV). prod uces a desirable red istribution o f  spin density com­
pared to the pare n t  compound XIV. The spin d ensity at the 
! "-carbon atom of the a l kene spacer l ink age is decreased by 
abo u t  one th i rd (to 0. 1 06), whereas the spin populat ions at  
the 5- and 5'-(:x-)- posi tions of both t h iophene r ings remain 
high (0. 1 7 1  and 0. 1 62 ,  respectively). Therefore, coupl ings da 
the a lkene spacer l i n k age in XV would be expected to occur 
much less freq uent ly, producing a polymer wi th  i m proved 
electroactivity. This was i ndeed the case, as a redox active 
polymer was produced with a conductivity of I 0 - 4  S cm - 1 ,' 3 
a sign ificant i mprovement on the poly[(£)-3-styrylthio­
phenes] and poly[(£)-2-styrylheterocycles] d iscussed earl ier. 
Replacement of one of the t h iophene r ings by a pyrrolc or 
furan ring, as i n  (Z)-e�-(2-thienyl)-/i-(2'-pyrryl)acryl onitri le 
( X V I )  and (Z)-:x-(2- t h ienyl)-{/-(2'-fu ryl)acrylonit rile ( X VI I), 
respectively. resu l ts  in a n  even greater shift in  the spin-density 
distr ibut ion from the alkene s pacer l i nkage to the :r-posit ions 
o f  both heterocycl ic r i n gs. l n add i t ion,  the unpai red -elect ron 
spin densi ties at the 4-posit ions of the hetcrocyclic r ings a rc 
les� than t h ose i n  ( Z)-o:.{H 2-thienyl)acrylonitri le (X\') te.g. a 
red uction from 0.039 to 0.0 1 4, in t h e  case of X V I I ). further 
maximis ing the extent of  o:,o:'-monomer coupl ings and 
reducing o:,{i'- and fl,fl'-l inkages which are k nown t o  cause 
breaks  i n  conjugat ion length and hence a reduction i n  con­
ductivi ty. 1 2  For the pyrrole and furan derivatiyes. X VI and 
XVII .  respectively, polymer growth should be less h i ndered 
by couplings via the alkene spacer l inkage, as was indeed 
observed from electrochemical studies,43 where very thick 
homogeneous redox active polymers were produced with 
measured cond uct iv i t ies o f  the order of 1 0 - 4  S cm - 1 •  
I n  poly(XVJ) and poly(XVII). ex tensive raised dendritic 
structures, branching across the entire surface. were observed 
[Fig. 3(a) and (b)]. probably formed as a result of unidirec-
J. CHEM. SOC. FARADAY TRANS., !995, VOL. 91 
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Fig. 3 SEM of poly(XVI) (a) and poly{X VJI) (b) on ITO glass. 
showing extensive raised dendritic sr ruc!U res 
tional growth of the polymer ria the  :x.:x'- l inkages.43 The 
a bsence of these feat ures from poly[(Z)·:x./J-di-(2-thienyl) 
acrylonit rile] (XV) may be d ue to the h igh spin densities at 
the alkene spacer l ink age, resul t ing i n  some crossl inking 
rather than fu1ly unidirectional polymer growth .  
Conclusion 
The ca lcu la t ions on model systems show D FT to yield rr-spin 
densi ty val ues in good agreemen t with experimenta l results .  
l t  has been shown that  spin-densi ty calcula t ions can be suc­
cessful ly e mployed t o  in ter pre t tht: coupling steps in  the  
anodic electropolymerisations of  a range of monomers. For 
the majority of the sysrems s t udied. calculat ions have only 
been undertaken on monomer units. Th is e n a bles poten t ia l  
in i t ia l  coupling sites to be ident ified, b u t  it is now important 
to ex rend r h ese calculations to dimers. trimers a nd h igher oli­
gomers in  order to examine changes i n  the spin densities 
during polymer chain growth. 
Although spin-density distribut ion plays a major role in 
determining t h e  location of coupling s i tes, i t  is clear tha t 
steric influences will be an important factor for many systems. 
However, DFT calculations may not be t h e  most productive 
means of obtaining this informa tion and further modelling 
studies on s uitable model systems should be u ndertaken in 
order to i n vestigate the relative effects o f  these factors in 
coupling steps. 
233" 
We believe that this type of calculation represents a usefu 
predictive tool to screen novel m onomers prior to experimen 
tal  investigation and the approach may form a key step in t h t  
rational design o f  novel conducting polymers via comput a  
t ional methods. 
J.R.S., N.M.R. and S.A.C. would like to t h a n k  t h e  EPSRC for 
fi nancial support. 
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Cyclic Voltatnmetry at 
Metal Electrodes 
SUMMA R Y - Cyclic Vo/rammerry (CV) is a simple, blll poll'erful, 1echnique for the suuly of 
elecrrochemical processes. The use of CV is discussed from a praoica/ viell'poinr, using examples of 
reversible reacriom. adsorption of a gas on a m era/, m era! deposition and formation of a polymerised 
film. These examples hm·e been chosen ro highlight the rype of information h'hich can be obtained 
from these currem 1·s. electrode potential wrves. 
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cyclic voltammetry. current vs. potential curves, 
copper deposition. electropolymerisation, 
polypyrrole formation. hydrogen adsorption on 
platin u m ,  oxide formation on platinum. 
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Cyclic Vol tammetry ( CV) is a simple, but 
very versat i le  and useful technique i n  the 
study of e lectrochemical processes. As 
pointed o u t  in an earlier paper, importan t  
electrode reactions in  m e t a l  finishing 
include: electrodeposi t ion and d issolution 
of meta ls. e lectrosynthesis of materials, 
oxide formation and dissol ution, and gas 
evolut ion1 •  These reactions and others 
( including gas adsorption and e lectropoly-
m erisat i o n )  c a n  be studied by CV. Both 
qual itat ive and quan t i t a t i ve data  mav be 
obtained' 3 and ihe tech n i q u e  fin d s  part i c ­
ular use i n  prel imin a ry studies of new svs­
tems. Cyclic voltamme try shows the 
pote n t i a ls at which oxi dat ion a n d  reduc­
tion processes occur, the potent ial ranfl.e 
over which t h e  solve n t  is s table and the 
degree o f  revers ibi l i ty of electrode reac­
tions.  It  i s  t herefore not  s urprising that  
electrochemists t e n d  t o  use CV as a tech ­
nique of choice when a new electrochemi­
cal  react i o n  system is u n der s tudy. 
Previous papers in the Tutorial Series i n  
t his journal  have considered steady state 
con d i t i o ns where sufficie n t  t ime is ailo11 cd 
for the curre n t  ( I )  t o  reach a constant con­
di t ion at  a given electrode potent ia l  (E) .  
The resu l t a n t  voltammetry (curren t  vs. 
pote n t i a l )  behaviour i s  usually described 
in  the form o f  steady state ·polarisat i o n ·  
curves�-6• I n  voltammetry measureme nts. 
a speci al  power supply cal led a potent io­
statl is u s e d  to control t h e  potent ia l3  of a 
working e lectrode (WE) against  a refer­
ence e lectrode9 whi le  curren t  flows 
between t h e  WE a n d  a n  iner t  e lectrode 
cal led t h e  counter el ectrode (CE).  
In a typical CV experiment .  a tr iangular 
pote n t i a l  vs. t ime sign a l  i s  appl ied 
between the W E  a n d  the RE. The poten­
t ia l  (E) of t h e  working electrode is varied 
l i nearly with t ime from a n  in i t ia l  potentia l  
(E;)  t o  a second potent ial  ( E, ) .  where the 
d irect ion of t h e  scan is reversed and t h e  
potent ia l  i s  swe p t  back to a fin a l  potent ia l  
(Er) as i n dicated in  Figure 1. The in i t ia l  
a n d  fi n a l  potent ia ls are  usually the same.  
a l though t h is is not  al ways a requireme n t .  
D u r i n g  th is  potent ia l  cycle,  the current  ( ! )  
i s  moni tored I'S. t h e  e lect rode potent ia l  i n  
t h e  form of a n  I vs. E p l o t  - a ·cyclic 
volt a mmogram· .  The pot e n t i a l  l imits. E, 
and E,. a re selected to maximise the i n for­
mation which may be obtained from t h e  
part icular reactiOI;/el ectrode system being 
i nvest igated.  The experiment may be per­
forme d  over a range of poten t ial  sweep 
rates. typically i n  the range 0.01 to 1 000 V 
s - 1• At very slow sweep rates, the elect ro­
chemical  processes tend to steady-state .  
changes being seen as waves rather than 
peaks.  Variat ion i n  the p otentia l  scan rate  
(dE/d t )  is e quivale n t  to examining 
_
t he 
elect ro d e  reaction on a different t ! lne 
· s c:atc�-'. The scan rates for the  forward 
a n d reverse processes a re almost  a lways ch osen to be the same. In a CV cel l ,  th<'; 
\V�rking e lectrode a re a  and s u rface must be we l l-defined; it is com m o n  to use wire O r · rod electrodes (often e mbedded i n  
no n-con ducting polymeric material) .  the 
l at ter  being p a rticularly useful  a s  a circu­
l a r d isc of exposed materia l .  This may be 
. Pbl ished · to pro d uce a s m o o t h .  c irc u lar 
a re a .  A knowledge o f  t h e  projected area 
(A) a l lows the curren t  density (j ) t o  be 
c a l cu l a te d  as the 'current divided by the 
a rea ' , i .e . ,  j = If A). I i  i s  also i m po rt a n t  to 
u s e  a smal l  wo rking e lectrode as this  min­
i m ises the power supply c u rre n t  require­
m e n t  and helps t o  prev e n t  problems due 
t o  u nwanted IR drop i n  t h e  e lectrolyte 
between the  tip of the reference e lectrode 
p robe and the working e lectrodec·"·�. 
CV provides an 'electroch e m ical spec­
t rum' ind ica t ing the potentials  at which 
oxid a t ion and reduction p rocesses occur, 
shows the potent i als at which solvent 
decomposi t ion occurs and w h e t h e r  the 
e lectrochemical  reactions a re reversible o r  
irreversible a n d  whether  t h e y  a r e  under  
d i ffusion control .  Both qual i ta t ive a n d  
semi-qua n t i t a t ive i nform a t i o n  m a y  b e  
o b t ained from a CV a nd the t e c h n iq u e  h as 
recent ly  been suggested as a method for 
scre e n i ng t h e  effect iveness of c e rt a i n  addi­
t i ves i n  copper e lectro p l a t i ng baths i0- 12. 
The general s hape of t he · CV gives a n  
insight  into t h e  e lectroc h e m ical  p rocesses 
occurring a t  the e lectrode s urface. For 
examp le. a n  ideal ised, reversible  o n e -e lec­
tron transfer process is e asi ly recognised 
Potential 
Time 
by eye as giving rise to a 60 m V separat ion 
be tween the oxidation and reduct ion 
peaks. By varying the potential window, 
the characteristics o f  any presen t  peak(s) 
may change, e.g.. the peak height or 
potential may change and the appearance 
o r  d isappearance of peaks may be 
observed. From this, a crude mechanism 
for the processes occurring at the elec­
trode surface may be tentatively assigned. 
Although kinetic i n formation may be 
obtained from CV. other steadv-state 
e lectrochemical methods are ge;erally 
considered superior. For example. poten­
t iostatic experiments using a rotat ing d isc 
e nable mass transfer data to be easily and 
accurately determined. However. diffu­
s ion coefficients may be obtained from a 
CV (see later). CV is best used in a semi­
quantitative fashion for preliminary stud­
ies on electrochemical systems. Fu l l  and 
quantita tive treatments of CV can be 
fo und i n  the l i teraturecJ.lH5. 
Recent variations of CV techniques 
i nclude derivative cyclic voltammetry16, ac 
cyclic voltammetry17 and convolution 
voltammetry18• In derivative cyclic 
voltammetry. the experimental  I-E 
response is differentiated electron ically 
and plotted against potent ial.  Problems 
associated with basel ine uncertainty are 
overcome by this method and the poten­
t ials at which reactions occur can be 
obtained with much greater precision. 
In this paper. the use of cyclic voltam­
metrv wil l  be i l lustrated by a range of 
examples d rawn from the a uthors' experi­
ence. The data has been obtained from 
'L2 
£ 
Figure 1. Porential-time 
profile used in CV. £,: 
iniria/ potenrial. £"· reverse 
potential, Eifinal poten­
ria/ (often equal to £;) 
r:oercurum 'hloride 
(c'llo:n<n 
por·;.us c�ra.mic plug 
x-y Chart Recorder 
an undagra d u a tc <tnd postgrad uate t ra i n ­
ing programme i n  e lcctrochcmical tech­
n iques. 
E X P E R I M E NTA L 
Instrumentation 
It  is now commonplace to use m icrocom­
puter control led systems for obtain ing 
cyclic voltam mograms a n d  other sets of 
electroche mical d:.ta.  S uch faci l i t ies  have 
the adva ntage of se t t i ng parameters accu­
rately and a l tow data to be obtained at 
h igh sweep rates ( > 1 000 V s - 1 ) .  where the 
cv·s are not  l i m ited by the slew rate of 
the chart recorder. Here.  a manual svs­
tem has been used which i s  useful for 
teaching p urposes s ince none of the para­
meters n re 'hidde n ·  and, more impor­
tantlv.  it is ve rv easv to change one 
para�1eter a t  an)· t ime. even d u ring the 
exper iment  i tse l f. 
Figure 2 shows a block diagram of the 
equipment used �o obtain a CV, i.e..  a 
poten tiostat.  a pote nt ia !  sweep generator. 
a n  X-Y chart recorder and the e lectro­
che m ical cel l .  Here, a Hi-Tek DT21 0 !  
Poten t iostat coupled to a H i -Te k PPR ! 
\Vave Form Generator was used to gener­
ate the etectrochemical  signals. CV� were 
recorded o n  a Lloyd PL3 XY recorder. 
Experiments were performed using a 
t h ree compartment e lectrochemical cel l  
(Figure 3 ) .  The working electrode (WE) 
was a plat inum disc (are a  = 0.385 cm') or 
a gold disc e lectrode (area = 3.1 x 10-.\ 
cm2) which was wet polished prior to use 
with an a l u m i n a  (0.3 �tm)/d isti l led water 
s lurry . A plat inum gauze was used as the 
counter  e lectrode (CE) and a satu ra ted 
calomel e lectrode (SCE ) was used as the 
reference electrode (RE).  
Reagents 
Analar reage nts (AR) were used t h rough­
out.  Potass ium ferricvanide and ferro­
cyan ide (BDH) were 'used as received. 
Solutions of these compounds were pre­
pared a n d  stored in dark brown t inted 
flasks i n  t h e  dark to pre ve n t degradation 
by light.  Pyrrote (Aidrich) was redist i l kd 
twice be fore use. All  electrolvtes were 
fres hly prepared us ing triply: dist i l led 
water a n d  electrolytes were degassed with 
Figure 2.  Block diagr;m of typical instrctmentation for cyclic voltammetry 
lll t!GSIIfCfi!Cil fS. 
Figure 3. Sclremacic of a divided, three-elecrrode glass cell used in cyclic 
volrammetry s111dies. 
nitroge n ·  for 1 5  minutes prior to each 
experiment.  
ELECTROCHEMICAL PROCESSES 
Reversible Reactions 
Potassium ferri/ferrocyanide e{ectrochem­
istry at a platin um electrode 
Th e electroc h e mistry of potassium ferri­
cyanide (hexacyanoferrate I I I) and ferro­
cyanide (hexacyanoferrate I I )  h as been 
widely studied as this redox couple shows 
good reversibi l i ty with respect to e lectron 
t r ansfer at, e .g . ,  i nert  plat inum o r  gold 
e l ectrodes. Th e  electrode processes may 
be described as the reversible reduction of 
ferricyanide ion to ferrocyanide ion:  
Fe (CN)64-("Gl - e - <==> Fe (CNk'-(aqJ (1 )  
T h e  C V  of th is  redox couple is shown i n  
Figure 4.  Oxidation and reduction peaks 
a re centred at +270 m V and +210 m V 
r e s pectively. After correction of the peak 
current d e nsities for background current,  
i .e . ,  curren t  due to electrolyte impurity 
a n d  capacitive c harging, semi-quantitative 
a nalysis of the CV shows, as in the case 
w i t h  all ideally reversible systems,  t h e  fol­
l owing criteria:  
( i)  Er = EP• - Ep" = 0.059/z V (2) 
In other words, the peak separation cor­
responds to approximately 60 mY. The 
d i fference between t h e  potential  corre­
sponding to t h e  peak maximum and t h e  
o n e  corresponding t o  h a l f  t h e  peak h eight  
i s  also approx imately 60 m Y  as expected 
from: 
( i i )  Er - Er:z = 0.059/z V (3) 
The h eights of t h e  oxidation and reduc­
tion peak current densities are equal:  
Current I mA 
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1 .0 
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· Potential I mY vs. SCE 
(iii) (4) 
(Note jr' and jp" are of opposite sign; 
anodic current d e nsities are positive while 
cathodic ones are negative, according to 
convention) 
Experiments involving the study of the 
effect of sweep rate on the redox couple 
(Figure 5) further show that the peak cur­
rent density is proportional to the square 
root of the potential sweep rate: 
(iv) (5) 
It  i s  also seen t h at the potential corre­
sponding to a peak does not depend on 
pote n tial sweep rate: 
(v) EP is independent of v (6) 
and, at potentials beyond the peak poten­
tial,  that the inverse square of the current 
density is  proportional to time: 
(vi) at potentials beyond EP, j-2 "" t (7) 
The proportionality constant between jP 
and v 112 indicated i n  expression (5) can be 
used to find the diffusion coefficient, D, 
using the Randles-Sevcik equation2.J : 
rp = 2.69 X 10' A n312 c Dill vl/2 (8) 
where IP i s  the peak anodic current (A), A 
the e lectrode area (m3), z the number of 
electrons, c the reactant concentration 
(mol m -3), D the diffusion coefficient (m2 
s- 1 )  and v the potential sweep rate (V s-1) .  
When using this  equation, i t  i s  particularly 
important to pay careful at te ntion to the 
units. If Ip", corrected by the background 
current Ib'• is plotted against  vJ12, the diffu­
sion coefficie n t  can easily be calculated 
from the gradient. A diffusion coefficient 
of 7 .0±0.fx 10-6 cm2 s- 1 was found for the 
oxidation of ferrocyanide ion to ferri­
cyanide ion, from the data shown i n  
Figure 5 .  This value i s  in  excellent agree­
ment with a l i terature value of 7.2 x 1 0-6 
cm2 5 - 1  19, 
Hydrogen and oxygen adsorption on 
platinum and gold 
In the above example, i t  was assumed 
rr,: - r:J 1 mA 
1 .4 r 1 .2 1 .0 
0 .8  
0 .6  
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0.2 
• 
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0.0 
that the working electrode was o n ly 
involved in electron transfer and played 
n o  role i n  the e l ectrochemical react ion 
i tself, i .e . ,  i t
_
acted simply a� an i n e rt sup­
port. Physical and chemical proce sses 
such as adsorption of gases and t h e  for: 
mation of oxides, may also b e  i nvesti­
gated by cyclic voltammetry. A useful 
example is provided by the electrochemi­
ca! behaviour of  platinum i n  a sulphuric 
acid electrolyte which shows surface 
oxide formation and red uction and hydro­
gen adsorption/desorption 13· 14• These 
processes are separated by a zone (the 
'double layer region') in  which the onlv 
process occurring is the charging of th� 
electrical double layer20 at  the electrode 
surface. 
An example o f  this behaviour can be 
seen in Figure 6 where three regions can 
be distinguished: (a) the hydrogen adsorp­
tion region. (b) the 'double layer' region. 
and (c) t h e  oxide formation/ oxygen 
adsorption regi?n .  
HJdrogen A dsorption Region 
B u l k  hydrogen evolution occurs at 
potential given by the Nernst equation: 
a ' 
E = Eo + RT l n[W} 
F 
where E is the m easured reversible poten­
tial  and Eo is  the standard e lectrode 
potential  for the reaction: 
: I  
( 1 0) I I 
Eo for the HziH+ redox couple is 0 V vs.  
SHE by convention, or +0.241 V vs. SCE. 
Two major peaks are observed i n  this , :: 
region corresponding to hydrogen adsorp- , 1) 
t ion and desorption, according to the ��� 
reversible reaction: 1 1  
r/1: � Pt-H(sJ ( 1 1 ) 
Adsorption and desorption processes 
can easily b e  recognised in a CV since the 
cathodic peak occurs at the same potential 
as the anodic peak. The more positive the 
0 . 1  0.2 0.3 0.4 0.5 
(v ( V s'')'  
I 
I 
Figure 4. CV of 1he 
ferricyanide/ ferro­
cycanide redox cou­
ple at a pla1inum 
disc eleCirode. 
Electrode area: 
0.385 cm'. Curves 
are shoa·n for 
potemia/ Sll'eep 
rales ofO.OOI, 0.050, 
0. 100 and 0.200 V s· 
1, from 500 to -250 
m V vs. SCE. 
EleCTro!yre: poras­
sium ferricyanide 
(0.0/ mo/ dnr.1j, 
powssium ferro­
cvanide (0.0/ mol 
dm·') in KOH (1.0 
mol drw'). 
Temperature: 22"C. 
E; "' Er = ·250 m V  
vs SCE. E,· 600 m V. 
Figure 5. Randles-Sevcik (peak wrrmt I'S. square root of pom�rial · . 
sweep rate) plot for the oxidation of ferrocyanide ions at a p/(1{11111111 dJSc 
electrode. The dma corresponds to tire conditions used in Figure 4. 
potent ia l  at which t h e  peak occurs, the 
l a rger is the  free energy of  adsorpt ion of  
t he hyd rogen a tom. The shape, n umber 
a n d  size of the peaks are dependen t  on 
t h e  crystal faces exposed. Here, polycrys­
t al l ine p la t inum was used and a summa­
t ion of effects can be observed .  The ·two 
m ajor hydrogen adsorption peaks which 
a rise in the CV are due to d i ffere nces in 
the free energy of  adsorpt ion .  The peak 
at more posi t ive poten t ials has a higher 
e n e rgy o f  adsorption as a resul t  of  a 
s t rong P t-H bond whereas the second 
peak corresponds to a more weakly bound 
hyd rogen.  
A good estimation of  the surface area 
o f  the p la t inum . e lectrode can be deter­
m ined from the area under t he hydrogen 
absorption curve:· This area represents 
the charge passed o n  cycli ng  over this 
potential  range and i t  is usual ly accepted 
tha t  a charge of 2 1 0  �tC is equivalent  to an 
area of 1 cm2• 1 ;  Thus the  geometric a rea 
may be estimated more qu ickly and  easi ly 
than by using conve n t iona l  gas adsorption 
techniques.  
Figure 7 shows the CV of gold u nder 
s im i la r  condi t ions to that used for the 
p la t inum studies above.  No hydrogen 
adsorpt ion  peaks are seen on gold. 
However, some workers h ave reported 
the adsorpt ion of  atomic hydrog e n  o n  a 
gold surface21.22 as detected by weakly 
observed oxida t ion p eaks . 
Double La,Yer Region 
Ideally. n o  e lectrochemical reactions 
should occur within this region. High 
background curren ts reflect the presen�e 
of contaminants in the  clectrolvte or 
i mpurit ies on t he electrode surfa�e and 
a re a useful i ndication of the c leanl iness of 
the system. (Cyclic voltammetry, as wit h  
most other electrochemical techniques, is 
very sensitive to contaminants and it is 
i mportant to use e lectrolytes of h igh 
pur i ty and adequate e lectrode surface 
prepara tion regimes before commencing 
experiments) .  
Oxide Formation! Oxygen Adsorption 
Region 
Oxygen species are adsorbed onto the 
pla t i n u m  surface at potent ials more posi­
tive t h a n  595 m V vs. SCE on the anodic 
sweep. resul ting in surface oxide forma­
t ion�·'. Oxide reduction occurs at 4 1 0  m V 
vs. SCE on the cathodic sweep. The 
shapes of  these peaks and the rat io of the 
areas under these peaks (and hence the 
charges passed) suggest that these 
processes are irreversible in pure solu­
tions. This charge imbalance is due to 
anodic dissol ut ion of the metal .  In conta­
minated solu tions, impuri ties can lead to a 
h igh charge imbalance and a distortion of 
the oxide format ion region . 
The CV of gold (Figure 7) shows the 
presence of three oxygen adsorption 
peaks at 1 070. 1 255 and 1 530 m V vs. SCE 
before the eventual evolution of oxygen at 
1600 m V vs. SCE. S tudies using gold sin­
gle crys tals exposing the  <100>, <1 10> 
and < 1 1 1 >  planes h ave found tha t  the rel­
a t ive i n te nsit ies of these peaks change 
depending on the crystallographic plane 
exposed'"· The CV also shows an  oxide 
reduct ion peak at 875 mY vs SCE. Other 
workers h ave reported t here to be two 
oxide reduction processes at h igh sweep 
rates. bu t  only one reduction peak at slow 
sweep rates. A lthough not studied in this 
paper, the reduction peak has been found 
to shift to cathodic potent ials when the 
anodic l imit  is increased. This p henome­
non suggests that there is a continuous 
varia t io'D�i n  the composit ion of t he  s urface 
oxygen species rather than a s ingle oxide 
phase". The nature of the ·oxygen layer' 
i s  controversiaFJ-26. In the case of plat­
inum, i t  may be described i n  terms of: (i) 
chemisorption, (i i) 'PtO' formation, and 
Current De:�sity I mA cm·� 
11 :b : 
Figure 6. CV of a pin£· 
incc/11 disc elecrrode in 
scclphccric ne id. (a) 
hydrogen 
Current Density I �A cm·' 
4.0 . � 
I I 
Oxygen evolution 
( i i i) the formation of a P t/0 al loy - 'de r­
masorption · and more than one form of  
oxide . is thought to be ·presen t :". 
IrreYersiblc Reactions 
Copper electrodeposition on pfatinum 
In the abse nce of addit ives, the cathodic 
electrodeposit ion of  copper from uncom­
plexed acid sulphate solutions can be 
described as: 
Cu�·1,41 + 2e- __., Cuc,, ( 12) 
The CV for copper deposit ion from 
aqueous copper sulphate (pH 2) onto a 
platinum s ubstrate is shown in Figure 8.  
A reduction peak corresponding to reac­
tion ( 12)  is seen at a potent ia l  of approxi­
mately -300 mY vs. SCE. On the re turn 
sweep. a curren t  cross-over is observed. 
which is characteristic of a n ucleation 
process w here the  potent ia l  on the first 
cathodic sweep results in  the formation o f  
nucleat ion si tes .  O n  the reverse anodic 
sweep a region with a h igher cathodic cur­
rent  is seen. This is because crystal 
growth of copper is much more thermody­
namically and k inet ically favoured on the 
existing n ucleation sites3. 
At more positive potent ials, an oxida­
tion peak corresponding to copper d isso­
lution (stripping) is observed. according 
to: 
Cu ( s )  --7 Cu:C•(aq) + 2e- ( 13) 
The peak has a h igh current  density 
since a h igh concentration of the reactant .  
Cu,  i s  present at the e lectrode surface and 
so the react ion wi l l  not be limited by rate 
of diffusion of cupric ion reactant to t h e  
surface. 
The area under the anodic and cathodic 
curves gives a measure of the charge 
passed d uring poten tial cycling. From 
Faraday's laws of electrolysis: 
Q = mzF ( 1 4) 
I I I I 
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Figure 7. CV of a gold electrode in sulphuric acid. Electrode area: 3. 1 x I O·' 
cm'. Potential sweep rate: 50 m V s·', from -250 to I 725 m V �·s. SCE. 
Elecrro/yte: 11150, (0. 1 mol dnr.<). Temperature: 22"C. 
The amount of metal (m) deposited (on 
t h e  cathodic sweep) o r  stripped (on the 
<1 n o d i c  sweep) may be calculated from a 
k n ow ledge of the areas u n d e r  the c u rves 
w h i c h  correspond to a measurable e lectri­
cal -charge (Q)'7·28• In equation (14), z i s  
t h e  n umber of electrons i n volved a n d  F 
t h e  Faraday consta n t  (96485 C mol- 1) .  
S in c e  the density (p) of copper is known, 
t he t h ickness of the d e posit may be 
obtai ned via t h e  following expression:  
(15) 
Th is calculat ion · assumes that  t h e  den­
s i t y  o f  the copper deposit is identical  to 
t h a t  of bulk copper and t h a t  the metal  
d eposition p rocess occurs with  1 00% cur­
r e n t  efficiency. On this basis a n d  est i m a t­
i n g  a charge of 1 9.5 m C  c m - 2  , a copper 
d eposit of approximate th ickness 0.02 11m 
is formed. 
The rela t ionship betwee n  copper depo­
s i t i o n  and stripping can b e  used to cont rol  
and quan t i t a t ively monitor l evels o f  addi­
t ives i n  acid copper sulpha t e  p la t ing baths, 
the technique being known as cycl ic  
volt ammetric stripping ( CVS)10-1"·17• I n  
CVS, the potent ial  i s  first swept to a v a l u e  
w h e r e  metal  e lectrodeposits o n  t h e  e lec­
t rode surface, followed by a rapid poten­
t i al sca n to a potent ia l  w here metal  
s tripping occurs. The anodic oxidat ion (or 
s t ripping) peak is used to obtain q u a n t i ta­
t i ve informat ion about the plat ing b a t h  
composit ion.  This i s  a useful a nalyt ical 
t ool but all  of the metal plated on t h e  
e lectrode surface m u s t  be stripped off, i . e .  
t h e  stripping efficiency s h o u l d  i d e a l l y  b e  
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ngure 8. CV of copper elecJrodeposirion 01110 a 
plarinum disc rlt'crrode. £/ecrrode area: 0.385 
cm'. PoreJ11ia/ sweep rate: 50 m V s·1, from 1000 
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1 00% in ord e r  to m ak e  quantitat ive a n d  
sound conclusions. 
I t  is importan t  when calculat i ng the 
area under the cathodic peak to also 
include the area under the curve on the 
return sweep, i .e . ,  from - 1 000 m V vs. 
SCE to the second cross-over in Figure 8 
because copper is st i l l  being deposited on 
the ret u rn  sweep u p  to this  potent ia l .  
From Figure 8, the area under the a nodic 
peak was found to be less than the area 
under the cathodi c  peak. The stripping 
efficiency, defined by: 
Stri�ping = Area under anodic peak ( 1 6) effic1ency Area under cathodic peak 
was calculated to be 75 % .  showing a 
degree of i rrevers ibi l i ty  for tl1e m�tal  
deposi tion react ion.  I n  practice, 
reversibil i ty can often be achieved i f  the  
� modic potent ia l  l i m i t  is  taken to suffi­
ciently posit i \'e values 
E!eCirochemica! po!ymerisarion of pyrro!e 
on p!arinwn 
In addi t ion to metals, polymers can be 
e lectrodeposited onto a variety of elec­
trode m a terials.  Specific i nterest has been 
given to the electrochemical polymerisa­
tion o f  organic compounds to form intr in­
s ical ly  conducting polymers29• A n  example 
of th is  i s  the electrochemical polymerisa­
tion o f  pyrrole to polypyrrole (Figure 9). 
E lectrodeposited coat ings of this polymer 
h ave been used t o  provide a new process 
for the  metall isation of printed circu i t  
boards'0 as well as t h e  production o f  RFI 
coa t i ngs. corrosion resistant layers and 
composite coat ings3t . 
The highly conjugated backbone of 
polypyrrole giYes rise to conduct ivi t ies  i n  
t h e  order o f  1 0' S cm - 1 •  U n fortu n ately. 
this h igh degree o f  conjugat ion also 
m a kes the polymer tota l ly  i nsol u b l e  i n  all  
solven t s  which a ffects i ts  abil i ty t o  be 
processed, and also its chemical charac­
t e risa t ion.  Conve nt ional  polymer t ech­
n i q u e s  can be problematic w i t h  t hese 
polymers and e lectrochemical  methods 
can b e  used t o  syn t h esise and charac­
terise t hese materials .  In part icular,  the  
CV of t h e  conduct ing polymer a ll ows 
i n form a t ion to obta ined on monomer 
oxida t ion potent ia l .  polymer redox 
behaviour, fi lm grmvth and pot e n t i a l  
cvcl i n g  stabi l i tv.  
- A  highly co�jugated polymer backbone 
alone i s not sufficient  for high i n t ri nsic 
conductivity. In order for the film to be 
conductive. i t  must be doped. This is 
ach ieved by the re moval of electrons from 
X A  + 
Dopant 
0 
1 
K 
Pyrrole 
t h e  dclocal iscd re-system which leaves a n 
overa l l  pos i t i ve c h n rge on t h e  polymer 
backbo n e .  To compensate for t h is c h a rge 
a n ions from the e l�ctro lyte a re i ncoq�o: 
rated i n t o  t h e  fi l m  d uririg e l e c t rodcposi­
t ion.  CV c a n  be used to d ri v e  the  fi l m  
betwee n  t h i s  doped, oxid ised con d uct ino  
s tate  a n d  t h e  dedoped, red u c e d  i ns u l a t i n �  
state.  I n  t h i s  way, i n forma t i o n  o n  stabi l i t� 
to redox cycl ing  can be obtai n e d .  S uc h  
data is i mportant i f  the m a t er i a l  i s  t o  b e  
u s e d  f o r  e l ectrochromic  d i s p lays. 
The C V  o f  a n  aqueous sol u t i o n  of p 1·r­
role at a p l a t i n u m  electro d e ,  Figure j O, 
shows peaks which a re broad a n d  wh ic h  
l ack defin i t ion .  O n  the fi rs t  cyc l e ,  pyrrole 
oxidat ion t o  its radical  cat ion form occurs 
at a pot e n t i a l  of approx i m a t e l y  600 mY ,.s. 
S CE (Figure l l a) .  A t  the el ectrode s u r­
face. h igh concentrat ions of t he s e  r e a c t ive 
species are mainta ined.  The ra dica l  
cations spi n-pair  to form, wi t h  t h e  loss o f  
two protons.  a pyrrole d i m e r  ( F i g u re 1 1  b ) .  
The d i m e r  is  e�;en more e a s i l v  ox i d ised 
than the monomer and so i s  oxi d i s e d  t o  i t s  
radical c a t i o n  u n d e r  t h e  a p p l i e d  pote nt ia l  
a n d  u n dergoes the same spin - p a i r i n g  reac­
t ions.  A s  the chain length  i ncreases there 
comes a stage where the o l i go m e r  precipi ­
tates  o n  t h e  electrode s u rfac e  a s  a t h i ck 
black deposit  of polypyrrol e .  This is a n  
irreversible process a n d  t h e  con d uct ing 
polymer adheres very t ight ly  t o  t h e  p la t� 1 
m u m  substrate. When t h e  sweep is , 
reversed .  a cathodic peak is observed a t  6 ' 
mY vs. SCE. This is d u e  to t h e  reduct ion 
of t h e  fi l m  to i t s  neutral  de doped state .  
O n  t h e  second sweep,  a new oxidat ion 111 
peak is observed at 1 0  m V vs,  SCE i n  11 
addit ion t o  t h e  electrodeposi t ion p rocess ,i discussed above. This is d u e  t o  oxi d a t i on 1: 
of t h e  fi l m  back to i ts  doped c o n d u ct in g  i 
state  and occurs over a wide p o t e n t i a l  j' 
b f 1 . fi 11 ' 11 range e ore oxygen evo ut lon n a  y ,1., 
occurs at  about 2500 m V vs. SCE. 
Subsequ e n t  sweeps lead t o  increasing 
' 1! 
peak current densit ies d u e  to t h e  forma- l i  
t i o n  of t hicker deposit s  o f  a porous a nd ',/ 1 
conduct ing film. As wi th  t h e  e lectrodepo- I s i t ion of copper, the  area u n d e r  t h e  oxida­
t ion peak i s  related to film t h ickness us ing /1 ' 
Faraday's laws, accordi n g  t o  equat ion 
( 1 4). However. oxidat ive d o p i n g  ( Figure I 
1 1 c) also occurs and this com pl icates the  
calculat ion of fi lm t h ickn ess a n d  separa­
tion of t h ese two processes i s  not e asi l \' 
achieYed. 
It  should be noted that the p roposed 
m echanisms discussed above were n o t  e l u - , ! 
cidated bv CV. Chemical i n forma t ion of 
t h is typ e ·  is derived from a n umber of 
techniques. e .g.. X-ray photoelect ron 
H 
I 
N 
\ I 
Anion doped polypyrrole 
+ 
I 
'li 
Figure 9. A nodic oxidation and pohmcri.wrion of pyrrolc Jo polypyrrolc. Typically, one dopar 
anion (A ) is incorporated inlo !he film for C\'cry fcmr mononH'r 1111i1s. 
Current Density I mA cm·2 f0 [[) [{) .  ....._..... N 
H H 
� .  + H  
(a) 
4 .0 
2 0. � 
· 2 H + 
� 
+ 
� N  ' 
. H  H I H 
(b) 
0 
I \ 
/"--N N 
I I 
H H 
-2 . 0  
+ e  � e  
-500 0 500 1000 
Potential I m V vs. SCE 
Figure 1 0. CV ofpolypyrrole elecrrodeposirion on a plarinwn disc elec· 
rrode. sh0 1ving £he increasing build up of a polymer film on successive 
potential cycles. Elecrrode area: 0.385 cm'. Poremial sweep rare: 50 m V s·1, 
from -500 to 1 ./00 m V vs. SCE. Electrol_vte: pyrrole (0.3 mol dm·3) in NaC/ 
(0. 1 mol d1w') in warer. Tenzperarure: 22"C. 
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(c) 
+ 
spectroscopy, solid-state NMR spec­
- t roscopy and studies i nvolving the quartz 
c rvsta l  micro balance, which are bevond 
Figure 11. Possible mechanism for rhe electropolymerisarion of pyrro. 
(a) radiwl carion formation, (b) spin·pairing and propagarion and (c) ox/. 
dation (doping) and reduction (undoping). 
t h� scope of this paper . 
-
CONCLUSIONS 
The power of cyclic voltammetry has been 
i l lustrated by studies of d i fferent  electrode 
processes on solid electrodes. It has been 
shown that  both descriptive and quantita­
t ive i n formation can be obtained in a rela­
t ively short experimental time. 
Parameters obtained from CV experi­
ments include:  
(a)  
(b)  
(c) 
di ffusion coefficie nts i n  the case of  a 
mass t ransport con trolled reaction 
ove ral l  redox b�;haviour and degree 
o f  reve rsibi lity 
� 
the determination of electrochemi-
ca!ly active surface area 
(c) information on the transformation of 
surface phases 
(d) a na lys is of  (contaminant  or additive) 
species in the electrolyte 
Modern developments in  CV include 
( i )  Improvements i n  the methods of 
automation and data acquisition 
using microcomputer-driven instru­
mentat ion. 
( i i) The use of microe lectrodes to study 
resistive electrolytes using simple 
two-electrode cells. 
(iii) Techn i ques i nvolving complex wave­
forms and the availabil i ty of software 
to analy�e the resul t ing voltammo­
grams. 
(iv) Improvements i n  our unde rstanding 
of the vol tammogram shapes 
expected for e lectrochemicallchemi­
cal reaction systems which show 
complex mechanistic behaviour. 
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